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ABSTRACT 
Recent research attention has focused on soybean-based adhesives because of 
increased phenolic resin prices and adhesive demand. Soybean-based adhesives have not 
been extensively used in industrial applications since 1960 s because of their poor water 
resistance and long curing time. This study was conducted to investigate the adhesive 
properties of crosslinked soy flour and/or soy hydrolyzate with phenol-formaldehyde (PF) 
resins for use in structural panels. Neutral phenolic soy (NPS) and alkaline phenolic soy 
(APS) resins were prepared and used to bond southern pine plywood. Adhesive bond quality 
of the soybean-based phenolic resins was evaluated by glueline shear test following the 
procedure detailed in Product Standard PS 1-95 for construction and industrial plywood. 
With NPS resins, higher bond quality of plywood panels was associated with increasing PF 
level and a viscosity of 160 centipoise (cps) PF resin. Addition of an extender and long 
assembly time had a negative effect on durability of the plywood panels. For APS resins, 
bond quality for plywood panels was enhanced with increased PF level and longer assembly 
time. However, it was necessary to add 19% corn-cob powder to the glue mix and to press at 
200 °C to improve the bond quality with APS resins. Within the range of variable levels 
investigated, the following conditions produced higher wet wood failure than a control glue 
mix. For NPS resins best results were obtained with a 160 cps PF, a 30 minute assembly 
time, and no extender. For APS resins best results were obtained with a 50 cps PF, a 200 °C 
press temperature, 19% corn-cob powder, and a 60 minute assembly time. Comparable 
results were obtained with either a 40% or 50% PF level in the resins. Under these 
conditions, the wet wood failure of plywood bonded with both resins approached the 
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requirement of PS 1-95 for construction and industrial plywood. The APS resins were also 
used to fabricate homogeneous hybrid poplar flakeboards with different resin solid levels 
(5%, 7%, and 9%), press temperatures (175 and 200°C), and press times of 8 and 10 minutes. 
Internal bond strength, wet modulus of rupture, and dimensional stabilities of flakeboard 
improved with increased press time, press temperature, and PF level in the resins. In 
particular, increased press time can be used to offset the poor internal bonding associated 
with high resin content and the excessive moisture present in the mat. However, APS resin-
bonded flakeboards provided higher mechanical and better dimensional stability properties 
compared to the Canadian Standard Association 0437 standard, except for modulus of 
elasticity, which could be easily improved by flake alignment. Optimum production 
condition for flakeboard bonded with the APS resins are a 5% resin level, a 50% PF level, a 
200 °C press temperature, and an 8 minute press time. Although NPS and APS resins can be 
competitive with other conventional adhesives, further improvements are required to reduce 
press times for industrial applications. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
Structural panels are used for exterior applications which require high strength and 
durability under stressful conditions. Structural panels include both construction plywood 
and oriented strand board (OSB). Plywood is produced in greater quantity, but some of its 
markets have been replaced by OSB. OSB has shown significant growth due to its low price 
and good performance. In 1998, North American structural wood panel production reached 
20 billion ft2 of plywood and 19 billion ft2 of OSB (Adams, 2000). Exterior plywood and 
industrial OSB currently are produced mainly with phenol-formaldehyde (PF) resin, which is 
a weather-durable synthetic resin. Wood product industries in North America consumed 
about 3 billion lb of phenolic resin solid in 1999 (Johnson, 2001). 
Although phenolic resins have been in adequate supply, wood product industries have 
been faced with some challenges - uncertain supply of petrochemicals, increasing price of 
petroleum-based wood adhesives, and environmental considerations, such as emission of 
volatile organic compounds from conventional synthetic resins. Faced with such challenges, 
the wood industries have shown an interest in the development of thermosetting and moisture 
resistant wood adhesives from renewable sources of raw materials. There have been many 
attempts to replace petrochemicals with renewable resources, such as carbohydrate, protein, 
fannin, and lignin, for wood adhesive resins. However, few have warranted further 
consideration for industrial applications, due to their inherent disadvantages in compromised 
adhesive strength and low water-resistance. Recently, interest has resurged in the utilization 
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of abundant, renewable, agricultural products for the production of wood adhesive resins 
(Sellers, 1994). 
Among the agricultural renewable products, proteins from soybeans have become 
center of the attention because soybeans, as an annually harvested crop, are one of the most 
abundant, renewable agricultural products in many regions of the world. Before the 1960s, 
soybeans were used as adhesives for both paper and wood-based composite products. For 
example, soy flour was combined with phenolic resins in various concentrations to formulate 
hot-press interior plywood glues (Lambuth, 1974). Although the glue mixes were 
moderately satisfactory, only limited amounts of soy flour could be used in the formulations, 
due to low reactivity and high moisture sensitivity, compared to equivalent glues made with 
soluble blood (Ash and Lambuth, 1954). Recently, there have been several research efforts 
involving attempts to improve the adhesive properties of soy protein isolates (Hettiarachchy 
et al., 1995; Kalpathy et al., 1996; Sun and Bian, 1999). In particular, Kuo et al. (1998) 
manufactured wood/agricultural fiberboard panels successfully by blending chemically 
modified soy protein isolates with commercial PF resins. However, food-grade soy protein 
isolates are relatively expensive (over $1.00/lb), and therefore, they would probably not be 
suitable for wood adhesive formulations. 
Very recent research has been focused on the utilization of low-priced soy flour by 
blending it with synthetic resins such as PF (Kuo et al., 2001) and methylene diphenyl 
diisocyante (MDI) resins (Lo, 1999). Particularly, Kuo et al. (2001) successfully formulated 
water-resistant soy resins containing soy flour by blending it with PF resins. Flakeboard 
bonded with the resin had higher bending strength and better moisture resistance than that 
bonded with PF resin. The results, however, indicated that, after spraying the resin onto 
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wood flakes, the resultant mat has a very high moisture content. Consequently, it takes a 
long press time to produce quality boards. The viscous soy/PF resin, therefore, can be used 
just for plywood adhesives, which generally require higher viscosity to avoid an over-
penetration of the glue during hot pressing. 
To make the liquid soybean-based phenolic adhesive resin as a spray resin for 
production of fiberboard and OSB, the resin viscosity needs to be decreased and the solid 
content increased. One of the key factors that can produce such properties is the process of 
protein hydrolysis. Viscosity is a major functional property of proteins and has a great 
influence on the final resin quality. Hydrolysis of soy flour, either in alkaline or acidic 
medium, degrades protein and carbohydrate molecules in soy flours, and thus can reduce the 
viscosity of resin. Under proper conditions, the alkaline hydrolysis yields reactive 
degradation products useful for crosslinking with PF resins, and the hydrolyzed products can 
be used in resin formulation. Kuo and Stokke (2001) performed some tests using the alkaline 
phenolic soy resin for flakeboard. The flakeboard manufactured using the resin was as 
strong in bending strength, but slightly lower in IB and water resistance than board bonded 
with pure PF resin. A similar PF-crosslinked soy resin comprising 30% soy flour and 70% 
PF resin also has been developed by Hse et al. (2001). These results suggested that the soy 
resin can be improved either by increase in the amount of PF ingredient or by using different 
viscosity of PF resin. 
The overall objective of this study was to investigate the potential of soybean-based 
phenolic adhesives for southern pine plywood and hybrid poplar flakeboard. The soy resins 
were formulated with high percentages of soy flour and/or soy hydrolyzate in the 
formulations to reduce the petrochemical dependency of wood adhesives. 
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DISSERTATION ORGANIZATION 
Included in this dissertation are three additional chapters. Chapters 2 and 3 are 
manuscripts, which will be submitted for publication in the Forest Products Journal or Wood 
and Fiber Science. Chapter 2 is an evaluation of effects of soy flour to PF ratio, PF viscosity, 
use of extender, and assembly time on glue bond qualities of neutral phenolic soy and 
alkaline phenolic soy resins for southern pine plywood. Chapter 3 is an investigation of the 
effects of soy hydrolyzate to PF ratio, resin solid level, press temperature, and press time on 
physical properties of hybrid poplar flakeboard bonded with alkaline phenolic soy resins. 
Individually, these studies provide valuable information in their respective area. General 
conclusions are discussed in Chapter 4. The two appendices in this dissertation contain the 
detailed analyses of variance tables and additional tables for each study. 
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LITERATURE REVIEW 
Conventional Wood Adhesive for Structural Panels 
A structural panel is a board graded for applications in which the bond can be stressed 
to a high proportion of its maximum failing load for long periods without failure. The two 
leading structural panels are plywood and oriented strand board (OSB). Phenolic resins are 
the most widely used resins for the structural panels, which need excellent strength and 
durability. 
In the manufacture of plywood, the phenolic resins are applied to the wood veneers 
by double-roller spreaders or curtain coaters. The veneers are then cross-grain stacked and 
cured in a hot-press for 5 minutes at 120-130 °C and 12-16 kg/cm2. Phenolic resins for 
plywood are liquid one-step resole resins. Only rarely are pure resins used as adhesives for 
plywood. In most cases, inexpensive fillers or extenders, such as wheat, furafil, and fine 
flour produced from wood, bark, or nutshell, are mixed with the pure PF resins. The 
principle manufacturing variables affecting the bonding of wood veneer with phenolic resins 
are adhesive application, assembly time, assembly method, pre-pressing, press temperature, 
platen pressure, and panel construction. The wood-related variables are density and porosity, 
extractive content, drying conditions, freshness, surface smoothness, thickness control, and 
surface cleanliness (Pizzi, 1983a). 
In the case of the application of phenolic resins to the manufacture of OSB, the 
phenolic resins are sprayed onto the wood flakes in drum blenders. The blended flakes are 
formed in a mat and then pressed for 4-7 minutes, according to thickness and moisture 
content, at 170 °C and 25-35 kg/cm2. The major type of phenolic resins commercially used 
for this application is a resole-type resin. The properties of the final board vary considerably 
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with geometry and sizes of the wood flakes, the density of the board, the resin type, its 
reactivity, and the moisture content of the sprayed flakes. 
Phenol-formaldehyde (PF) resin is used for most plywood and OSB intended for 
exterior or structural use. The basic components of the PF resin are formaldehyde, which is 
derived from methanol, and phenol. These are petrochemicals. However, the increased 
demand for the adhesive resins, the uncertainty of availability of petrochemicals, and demand 
for environmentally safe products has promoted the development of adhesive resins from 
renewable, inexpensive sources. 
Potential Alternative Adhesives from Renewable Resources 
The major adhesive resin for structural panels is resole PF resin (Sellers, 1985). 
While this and other adhesives are in adequate supply today, the future uncertain supplies of 
petrochemicals, increasing prices of petroleum-based wood adhesives, and emission of 
volatile organic compound from convention synthetic resins have forced the wood industry to 
focus attention on alternative adhesive systems from renewable resources. In the search for 
potential alternative adhesives to replace conventional wood adhesives, the utilization of 
spent liquor lignins and tannins for wood adhesives has been gaining increasing research 
interest (Nimz, 1983; Pizzi, 1983b). Although the understanding of the basic chemistry of 
tannins and technical lignins has been achieved, industrial application of these substances is 
still a challenge to the wood industry. 
Lignins are recovered mainly as by-products of the pulping process. Lignin 
utilization research has been aimed to directly substitute industrial lignins for phenolic resins 
or to incorporate them into phenolic wood adhesives for panel products (Kuo et al., 1991; Oh 
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et al., 1994; Olivares et al., 1994; Sellers et al., 1994). However, the research efforts did not 
meet commercial successes because the reactivity of modified lignins is much lower than that 
of phenolic resins, due to their low phenolic hydroxyl content and high ring substitution and 
steric hindrance (Lin, 1983). Also, lignin-based adhesives require longer press times or 
higher cure temperatures regardless of the extent of acid or base catalysis (Koch et al., 1987). 
In North America, lignins are barely used in wood composite adhesives as binders and fillers 
(Calve et al., 1991). 
Tannins are usually derived from bark or other wood residues. Bark particles, bark 
powder, and tannin extracts are the major research focus in tannin-based adhesive systems. 
Tannin-based adhesives, generally, are formulated by condensation of the tannin substances 
and formaldehyde with either acid- or base-catalyst (Barbosa et al., 2000). The tannin-based 
adhesives provide a good water-resistant bond after hot pressing. Pizzi (1983b), however, 
pointed out that the two inherent problems of tannins for the preparation of wood adhesives, 
especially pine bark tannin extracts, are the short pot-life of the adhesive due to high 
reactivity of formaldehyde with tannins and the poor strength of the cured glueline. For these 
reasons, only a limited amount of tannins has been used in Australia and South Africa with 
wattle and radiata pine species (Koch et al., 1987). 
Carbohydrate and protein have been used for adhesives from ancient times to the 
present. Carbohydrates, including cellulose and hemicelluloses from woody plants and 
starch, are suitable for adhesives. The use of cellulose and hemicelluloses in wood adhesives 
is not as economical as starch, which is readily available in a pure form, due to the problem 
of their separation from each other or from lignin. Currently, starch adhesives are used in 
paper and textile sizing agents and paper adhesives (Kennedy, 1989). In the case of protein, 
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blood, casein, and soybean have been used as a binder for structural gluing, but they could be 
made to perform only briefly under exterior conditions with careful surface protection. 
Currently, soybean flour is being used as an extender for synthetic resins in plywood 
adhesives and a sizing agent for sheet paper products. 
Due to their water sensitivity, carbohydrates or proteins have not proved useful as 
structural adhesives for wood, and thus research efforts have been concentrated on partial 
replacement of synthetic resin with carbohydrates (Chang and Kononenko, 1962; 
Christiansen and Gillespie, 1986) or proteins (Lambuth, 1974). However, only limited 
amounts of carbohydrates or proteins can be used in wood adhesive applications because few 
chemical reactions occur between these two substances and the synthetic resins. Chemically, 
carbohydrates have one primary and two secondary hydroxyl groups, and these hydroxy! 
groups offer positions at which reactive groups of synthetic resins can be crosslinked. 
Whereas proteins have more functional groups than carbohydrates, such as phenolic, amine, 
carboxylic, and hydroxyl groups. The functional groups in proteins are more reactive than 
hydroxyl groups in carbohydrates (Morrison and Boyd, 1983). Conner et al. (1989) pointed 
out that if the reactive groups are sufficiently reactive, and the substitution of the hydroxyls is 
adequate, a three-dimensional polymeric network could be formed during a curing stage, 
resulting in excellent strength and water resistance. For these reasons, proteins have a 
sufficient potential to be explored as an active component in the production of exterior wood 
adhesives. 
Among many protein sources, soy proteins can make significant contributions to 
wood adhesive applications because soybean, a source of soy protein, is one of the most 
abundant renewable agricultural crops. Therefore, the soy protein products are readily 
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available and can be produced at reasonable costs. Other vegetable protein sources, such as 
cottonseed meal, peanut flour, sunflower seed meal, are occasionally mentioned for protein 
sources instead of soybean meal. While they contain 25-35% useful protein substances, they 
cannot substitute for soybean flour for wood gluing applications on the basis of comparable 
performance (Lambuth, 1989). 
Soy Protein Products 
Raw material sources and procedures for sov protein ingredients 
Soybeans [Glycine max (L.) Merrill] are legumes that originated in eastern Asia 
(Pearson, 1984). Soybeans are typically processed by being cracked, dehulled, dried, flaked, 
solvent extracted, redried, and milled into useful soy protein products with a variety of 
functional properties (Bain et al., 1961). The general types of soy protein products that are 
commercially available include soy flours, soy protein concentrates, and soy protein isolates, 
based on their protein contents (De, 1979). These three types of soy protein products provide 
a variety of physical and functional properties. 
Soy flours, the least refined forms, are prepared by milling hexane-extracted flakes of 
dehulled soybeans. They are comprised of 50% protein, 30% carbohydrate, and 20% 
cellulose fiber, ash, and water (Lusas and Riaz, 1995). Soy protein concentrates contain over 
70% protein on a dry basis. These are obtained either by leaching out water- or alcohol-
soluble components. The soy protein concentrates have improved flavor characteristics and 
possessed superior fat and water binding properties (De, 1979). Soy protein isolates, the 
most highly refined soy protein products, represent the major proteinaceous fraction of the 
soybean and contain 90% or more protein on moisture free basis. The soy protein isolates 
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are prepared by removing most of the non-protein components such as insoluble fiber, 
polysaccharides, oligosaccharides, and other low-molecular weight components that are 
separated in making soy concentrates (Wolf, 1970; Myers, 1993). 
Different kinds of soy protein products vary not only in protein content and particle 
size but also in protein solubility and viscosity, adhesive quality, water absorption capacity, 
aerating capacity, color, flavor and nutritional quality (De, 1979). Although soy flours have 
lower protein contents than soy protein concentrates and isolates, research on possible uses 
for soy flours should be focused on the development of non-food industrial applications due 
to the high cost of food-grade soy protein concentrate and isolates. 
Chemical property and structure of sov proteins 
Proteins are the principal functional components in soy protein products, although 
carbohydrates may play a role in water-binding, swelling and viscosity control (Kinsella, 
1979). Protein can be described as a polymer of a-amino carboxylic acids linked by peptide 
bonds. While all proteins contain the peptide backbone, each protein has its own 
characteristic sequence of side groups, which gives it its own characteristic properties. There 
are 18 different amino acids commonly found in soy proteins, which have different 
functional groups: hydrocarbon (-H, -CH3, -CH(CH])2, or -CHiCeHs, etc.), primary and 
secondary amine (-NH and -NH2), carboxylic acid (-COOH), hydroxyl (-OH), phenolic (-0), 
and sulfur groups (-S and -SH). Chemical functional groups available are carboxylic, 
amines, hydroxyl, phenolic, and thiol/thioether groups (Morrison and Boyd, 1983). Each of 
these functional groups undergoes their own typical set of reactions. These features give the 
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amino acids the ability to react with other amino acid groups or other reactants for making up 
proteins or higher molecular weight products. 
The functional groups of protein and amino acid distribution in soy protein are listed 
in Table 2-1. Basically, the relative amount of a functional group depends upon the amount 
of a corresponding amino acid that contains the functional group. For example, carboxylic 
acids comprise most of the weight of their corresponding amino acids, glutamic and aspartic 
acids, that are present in relatively high amounts within typical bulk soy protein. Although 
amino acids containing amine groups make up almost 16% of the total amino acids, the 
amount of amine groups in the bulk protein is only 1.5% by weight, followed by 1.3% w/w 
hydroxyl, 0.6% w/w thio, and 0.4% w/w phenol groups (Thames, 1994). 
Table 1. Functional groups of protein and amino acid distribution in soy protein. 
Functional Group Percent weight of total functional groups Included amino acids 
Aliphatic and aromatic 
hydrocarbon (CH„)X 
36.8 Alanine, glycine, proline, isoleucine, 
tryptophan, leucine, phenylalanine, valine 
Carboxylic acid 
(-COOH) 
32.7 Glutamic acid, aspartic acid 
Amine (-NH and -
NH2) 
15.7 Arginine, histidine, lysine 
Hydroxyl (-OH) 8.6 Threonine, serine 
Phenolic (-0) 4.1 Tyrosine 
Thiol and thioether 
(-S and -SH) 
2.1 Cystine, Methionine 
Adapted from Thames (1994). 
Protein structure has generally been described in terms of primary, secondary, 
tertiary, and quaternary structures. The primary structure is the sequence of amino acids, 
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which are distributed heterogeneously and unevenly, and linked by peptide bonds (Wolf, 
1970). In the primary structure of the protein, proteins vary with the sequence of the attached 
functional groups joined to the a-carbon of the peptide units or different amounts of various 
amino acids (Thames, 1994). Secondary structure refers to relative positions of amino acids 
groups within a polypeptide chain. Tertiary structure involves a single polypeptide chain's 
position, and quaternary structure describes the arrangement of multi-chain protein 
complexes (Pine et al., 1980). Tertiary or quaternary structures also describe folding and 
bond interactions in a chain or between chains, respectively. 
Proteins are divided into two broad classes in the macromolecular level: fibrous 
proteins, which are insoluble in water, and globular proteins, which are soluble in water or 
aqueous solutions of acids, alkali, or salts (Morrison and Boyd, 1983). Soy protein is a 
globular type, in which polypeptide chains in the structure of the protein are folded into 
compact units or are inter-connected. The folded structure in globular proteins is stabilized 
by several forces such as disulfide bonds, hydrophobic interactions, van der Waals' forces, 
ionic bonds, and hydrogen bonds. The structure also determines not only the solubility of a 
protein but also the overall functional properties of the protein (Kinsella, 1979). 
Carbohydrates are present with a range of contents in accordance with the type of soy 
protein products. Soy flours contain about 38% total carbohydrates, including 15% soluble 
mono- and oligosaccharides, and 13% polysaccharides that are later removed if soy protein 
concentrates or isolates are made (Lusas and Rhee, 1995). Soy concentrates contain about 
20% carbohydrates, and are prepared from soy flour through the removal of water- or 
alcohol-soluble carbohydrates and ash. Soy isolates contain about 1% carbohydrate, and are 
prepared by removing the water-insoluble polysaccharides and oligosaccharides (Aspinall et 
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al., 1967). The carbohydrate groups in soy protein products may be covalently bonded to the 
polypeptide chain, or they may be held in place by other forces (Wolf, 1970). 
Fat, fiber, ash, and moisture exist with varying amounts in soy protein products. 
They, however, have limited affect on soy proteins' physical and functional properties 
because the amounts of these components are quite small (Kinsella, 1979). 
Physical property of sov proteins 
Water solubility is considered an index of soy proteins' functional physical properties 
and biological and enzymatic activities (Lusas and Rhee, 1995). The major soy proteins are 
globulins, which are insoluble at their isoelectric points (pl), but are soluble in water or dilute 
salt solutions at pH values above or below pl (Wolf, 1970). Soy proteins have minimum 
solubility between pH 3.75 and 5.25, whereas their maximum solubility was observed at pH 
1.5-2.5 and > 6.3 (Pearson, 1984). The observed insolubility of soy proteins, between pH 4 
and 5, is a result of the pi of the protein subunits being in these pH ranges. Solubility of the 
proteins is required if the desired functional properties are to be obtained. Soy proteins with 
a range of solubilities can be achieved by heat and alkali treatments. Further, the pH and 
ionic strength of the aqueous solvent have the most significant effect on the solubility 
behavior of soy proteins. Native soy proteins show the classical aqueous pH-solubility 
profile at zero ionic strength with a pi around pH 4.5 (Kinsella, 1979). The insolubility in the 
isoelectric pH region can be eliminated by hydrolysis of the protein molecules with 
chemicals, heat, or enzyme treatments to reduce the molecular weight to a point lower than 
that of the original proteins. 
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The interactions of soy proteins with water are important in relation to dispersibility, 
water absorption and binding, swelling, and viscosity. These properties directly influence the 
industrial applications of soy proteins. In particular, the viscosities of soy protein dispersions 
are of practical significance in their wood adhesive applications. Kinsella (1979) stated that 
the viscosity of soy protein dispersions is mostly influenced by intrinsic (molecular weight, 
size, axial ratio, and shape of the molecule) and environmental factors (heating, pH, salts, 
ionic strength, and protein modification treatments). 
Soy Protein Modifications 
Soy proteins are extensively used in food and non-food applications, and are 
receiving considerable attention for a variety of new industrial applications. Although the 
physico-chemical properties of soy proteins related to functional properties in foods are well 
documented (Kinsella, 1979; Wolf, 1970), only a limited amount of information for wood 
adhesive applications is available. 
A functional property of protein is defined as any physico-chemical property that 
affects the processing and behavior of proteins in food or non-food applications (Vojdani and 
Whitaker, 1994). The particular required functional properties of soy proteins vary with the 
type of applications. For wood adhesive applications, soy proteins require several functional 
properties, such as adhesion, water resistance, solubility, and viscosity. No unmodified soy 
proteins can meet all the functional properties required in wood adhesive applications, and 
thus their functional and performance properties need to be improved. The improvements of 
the properties can be obtained through the modifications of specific structural features, such 
as net charge, disulfide bonding, or molecular size of soy proteins (Kinsella, 1979). The 
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modified structure features of soy proteins may successfully perform specific functions for 
wood adhesives. 
Soy proteins can be made into a series of products with functional properties suitable 
for wood adhesive applications through physical, chemical, and enzymatic modifications 
(Feeney and Whitaker, 1977). The modification treatments are applied to heterogeneous soy 
proteins containing carbohydrate, fat, and fiber. The resultant products may appear to 
dissociate subunits, unfold the protein structures, and consequently improve the functional 
properties of soy proteins. 
Denaturation 
Denaturation refers to any modifications which change the secondary, tertiary or 
quaternary structure of the protein molecule with no breakage of covalent bonds. This occurs 
through the breaking of hydrogen and disulfide bonds, which allows the protein to unfold 
(Wu and Inglet, 1974). The cleavage and unfolding release the hidden interior folds of the 
protein, enabling it to interact with surroundings, where increases or decreases in reactivity 
may occur (Thames, 1994). The changes in protein structure are associated with changes in 
physico-chemical and functional properties. 
Protein is a compactly folded molecule. In protein molecules, two subunits are held 
together by a single disulfide bond. The disulfide bonds in the molecules stabilize the 
rigidity of the protein structure, and the compacted structure has limited surface-active 
properties (Kinsella, 1979). The reductions of the disulfide bonds may cause an unfolding of 
the protein chains disrupting the secondary and the tertiary structure and exposing the 
tyrosine and tryptophan residues, which had been buried in the hydrophobic folds of the 
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native protein (Lewis and Chen, 1979). The cleavage of disulfide bonds in protein molecules 
can grant flexibility and unfolded structure to native proteins with highly folded structure, 
resulting in improving adhesive strength of protein (Kim and Kinsella, 1986). For this 
reason, thermal, chemical, and enzymatic modifications are of interest to soy protein 
processors (Lusas and Rhee, 1995). 
Heat. Bain et al. (1961) found that heating soy protein suspensions above 60 °C induced 
dissociation and unfolding of polypeptide subunits. Iwabuchi et al. (1991) showed that 
sufficient thermal energy provides the protein with the breakage of hydrophobic interactions 
and dissociation of subunits. The dissociation and unfolding cause exposure of hydrophobic 
groups within the contact area between subunits or in the interior of the folded molecule. 
Subsequently, the exposure of the hydrophobic sites of the protein causes an increase in 
surface reactivity and enhances the adhesive strength with other materials (Nir et al., 1994). 
However, if too many hydrophobic groups are exposed due to unfolding, protein solubility 
decreases and the exposed hydrophobic groups interact each other causing aggregation of the 
protein molecules (Nakai, 1983). 
Alkali. Alkali is probably the most commonly used chemical type to modify soy protein 
structure. The treatment of soy proteins with alkali has been used extensively because these 
agents improved solubility, increased adhesive properties, and lowered viscosity in soy 
protein dispersion formulations (Huang, 1994; Smith and Circle, 1972; Bain et al., 1961). 
Some studies were conducted on the adhesive and hydrophobic properties of NaOH-modified 
soy protein isolates on wood (Hettiarachchy et al., 1995; Kalapathy et al., 1996; Wu et al., 
1998). Almost any alkali may disperse soy protein in water to a limited degree. Complete 
dispersions generally require several percent of a strong alkali such as sodium hydroxide or a 
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similar alkaline salt (Brother et al., 1940). In particular, Sun and Bian (1999) showed that 
alkali might increase the unfolding of protein molecules, and result in increased contact area 
and exposure of the hydrophobic groups in interior folds of protein subunits. However, the 
alkali causes a stain or burn on the wood surfaces. Hence, if strong alkali is used as a 
dispersing agent for wood adhesive applications of soy proteins, the ultimate protein bond 
strength is necessarily accompanied by staining of wooden parts (Lambuth, 1977). 
Urea. In addition to heat and alkali-treatments, it is possible to denature protein by urea 
(Tanford, 1968). Urea interacts with hydroxyl groups of the soy proteins and may break 
down the hydrogen bonding in proteins. Wolf (1970) reported that the subunits in proteins 
dissociated and unfolded in the presence of urea. Nir et al. (1994) showed that the viscosities 
of soy protein dispersions decreased with increasing concentration of urea in the dispersions 
until a certain concentration level of urea, and increased from that point with additional urea 
concentration. The decrease in viscosity may be assumed to be due to unfolding and 
dissociation of the protein complex. Sun and Bian (1999) observed similar results, in which 
urea-modified soy proteins had lower viscosity and higher shear strength and water resistance 
than unmodified soy proteins. 
Sulfites and thiols. Sulfites and thiols have been widely used to cleave inter- and intra-
disulfide bonds in proteins (Kella et al., 1989; Kinsella, 1979). Basically, the presence of 
disulfide bonds in native soy protein molecules affected their flexibility and unfolding 
properties. Kaiapathy et al. (1996) compared the adhesive strength and viscosity of the 
unmodified soy proteins with the modified soy protein treated with Na^SOs (disulfide bond-
cleaving agent). The results indicated that the modified soy proteins had enhanced adhesive 
strengths and decreased viscosity as compared to the unmodified soy proteins due to 
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decreased inter-molecular interaction that resulted from cleavage of disulfide bonds. 
Therefore, various concentrations of sodium chloride and sodium sulfite were used to 
improve adhesive strength and to control the viscosities of modified soy proteins. The 
treatment of dithiothreitol also caused rupture of the disulfide bonds and the intra molecular 
bonds in the globulins of soy proteins (Kim and Kinsella, 1986). Kella et al. (1989) reported 
that the addition of sulfite cleaved both inter- and intra-molecular disulfide bonds in protein 
structure. The results indicated that hydrophobicity, solubility, and adhesive strength of the 
modified soy proteins increased. 
Hydrolysis 
Hydrolysis breaks the peptide bonds of protein, cleaving some primary and secondary 
structures. The hydrolysis of proteins leads to an increase in the percentages of amine and 
carboxylic functional groups, and a corresponding decrease in peptide chain length and 
molecular weight (Thames, 1994). Hydrolysis is one of the most important processes in the 
formulation of soy protein adhesives for wood composite products. The hydrolysis of soy 
proteins contributes to reducing the molecular size and viscosity (Chobert et al., 1988). In 
addition, short peptide chains expose more functional groups, which enhance the reaction of 
soy protein with the other components in the adhesive formulation. However, excessive 
hydrolysis breaks a protein molecule into quite small peptides, and consequently often causes 
loss of its functionality (Kuehler and Stine, 1974). 
Acid. Acid hydrolysis is the most useful method for quantitatively converting a protein into 
its constituent amino acids for determination of the amino acid composition (Milligan and 
Holt, 1977). Acid treatment, under proper conditions, was used to specifically degrade high 
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molecular weight polypeptides into smaller peptides. From many acid hydrolysis studies of 
proteins, the method of partial acid hydrolysis is not a random process but exhibits a certain 
degree of specificity. The acid treatment of a protein involves parallel and consecutive 
cleavage of a variety of bonds (Hill, 1965). However, acid hydrolysis decomposes 
tryptophan and converts asparagine and glutamine into aspartic acid and glutamic acid. Acid 
hydrolysis is not suitable for preparing some chemically modified proteins for analysis due to 
reversion of the modified amino acid residues during the hydrolysis (Milligan and Holt, 
1977). Hydrochloric acid, sulfuric acid, and nitric acid have been used as hydrolytic agents 
for the systematic degradation of proteins into small peptides. The extent and specificity of 
acid hydrolysis varies as a function of temperature, pressure, acid concentration, kind of acid 
applied, and presence of non-protein substances. 
Alkali. Alkali hydrolysis is performed at certain percents of a strong alkali under pressure in 
order to reach the desired temperature. During the alkali hydrolysis, soy proteins undergo 
denaturation, hydrolysis of peptide bonds, destruction of amino acids, formation of double 
bonds and new amino acids, and splitting of disulfide bonds (Feeney, 1980). In other words, 
a number of amino acids are released and changed into other amino acids. For example, 
serine decomposes to give glycine and alanine, threonine yields glycine, alanine, and 
aminobutyric acid, arginine gives ornithine, citrulline, and ammonia, cysteine and cystine 
yield alanine, hydrogen sulfide, ammonia, and pyruvic acid (Hill, 1965). The alkaline 
hydrolysis is a random process, and thus it is difficult to control the batch to batch variation 
and the overall quality of the adhesives due to the reaction with the other components in the 
adhesive formulation. 
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Enzymatic. There are several studies on the enzymatic hydrolysis of soy proteins to 
improve their functional properties (Kim et al., 1990; Deeslie and Cheryan, 1988; Vojdani 
and Whitaker, 1995; Wu et al., 1998). All their results showed that enzymatic-hydrolyzed 
soy protein had improved solubility, foaming, and emulsifying properties. Enzymatic 
hydrolysis is usually performed through limited proteolysis, and complete enzymatic 
hydrolysis has been used in a few cases. The peptides produced by enzymatic hydrolysis of 
soy proteins have smaller molecular size and less secondary structure than the original ones 
(Wu et al., 1998). The main advantage of enzymatic hydrolysis is its specificity with high 
yields of the peptides. In addition, only a catalytic amount of enzyme is required, and safety 
concerns are minimized. Therefore, enzymatic hydrolysis may be a viable alternative to 
other means of chemical hydrolysis. However, the limitations of enzymatic hydrolysis are 
that the reaction is very complicated and time-consuming to obtain desired hydrolysates 
(Milligan and Holt, 1977). Kim et al. (1990) hydrolyzed soy protein isolates with trypsin, a-
chymotrypsin, alcalase, liquozyme, and rennet. The study was conducted to obtain 
information on the effects of enzyme proteolysis on its molecular and functional properties. 
Results showed that trypsin decreased effectively the molecular size of soy protein isolate, 
and the extent of contribution was dependent upon the enzyme used and duration of the 
enzyme treatment. For wood adhesive applications, there have been a few studies conducted 
on enzymatic hydrolysis of soy proteins (Hettiarachchy et al., 1995; Kalapathy et al., 1995). 
They hydrolyzed soy protein isolates with trypsin, and investigated adhesive strength and 
water resistance of the hydrolyzed soy protein isolates on woods. The results showed that 
hydrolyzed soy protein adhesives had enhanced adhesive strength and water resistance 
properties. 
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Soy Proteins as Wood Adhesives 
To be an adhesive to polar materials such as wood, a substance must have many polar 
groups. Soy proteins contain many polar groups, but they are unavailable due to their 
heavily coiled structures, resulting from internal bonds between protein molecules. Thus, a 
simple paste of soy flour in water is a poor adhesive, even less efficient than wheat flour 
paste. A structural change is essential to uncoil the protein molecules and to break the 
internal bonds (Lambuth, 1977). For this purpose, treatment with an alkaline material is 
necessary. Any alkaline material can disperse soy proteins in water at least to a limited 
degree. However, soy protein glues for wood need dispersion with several percents of a 
strong alkali, such as sodium hydroxide or trisodium phosphate, to obtain maximum bonding 
efficiency (Brother et al., 1940). The alkaline treatment unfolds the coiled protein molecules 
and breaks the internal bonds. Consequently, many polar groups are exposed and able to 
interact with polar groups of wood material. These interactions can increase adhesive 
strength of soy-based adhesives with wood. 
Improved adhesive strength has been observed for wood adhesives prepared from 
alkali-modified soy proteins (Hettiarachchy et al., 1995; Kalapathy et al., 1996; Sun and 
Bian, 1999). Hettiarachchy et al. (1995) found that modifying soy protein isolates under 
moderate alkaline conditions (pH 10 and 50 °C) enhanced adhesive strength and water 
resistance compared with unmodified ones due to exposure of more polar and hydrophobic 
groups in protein molecules. Kalapathy et al. (1996) prepared alkali-modified soy protein 
isolates with NaCl, NazSO^ NaiSOg, and the effects of these salts on viscosity, adhesive 
strength, and water resistance were investigated. They showed that these three salts reduced 
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the viscosity of soy proteins with no adverse effect on adhesive strength and water resistance. 
Sun and Bian (1999) showed that glues with alkali- and urea-modified soy proteins had 
stronger bond strength and lower viscosities than that with unmodified soy proteins. These 
results indicated that modified soy proteins were more unfolded than unmodified proteins, 
resulting in large contact areas, and consequently, high gluing strength. 
In addition to the modifying agents, trypsin-modified soy proteins have been explored 
to improve adhesive strength and water resistance for wood bonding. As shown previously 
in the results of alkali-modified soy proteins, modified soy protein adhesives with trypsin had 
enhanced adhesive strength and water resistance properties (Hettiarachchy et al., 1995). 
Kalapathy et al. (1995) examined adhesive strength and water resistance of trypsin-modified 
soy proteins for cold- and hot-pressed woods. For the cold-pressed woods, the adhesive 
strength and water resistance of trypsin-modified soy proteins was much higher than that of 
unmodified protein controls. However, hot pressing of wood pieces resulted in decreased 
adhesive strength and water resistance of trypsin-modified soy proteins compared to controls, 
probably due to structural damage caused by heating. 
Dénaturants and crosslink agents of sov-based adhesives 
Although alkali- or trypsin-modified soy proteins are adequate adhesives to bond 
interior grades of wood applications, improvements in functional properties, such as 
viscosity, adhesive strength, and water resistance, are required for structural uses. Protein 
dénaturants and crosslinking agents play an important role for carrying out these 
modifications. 
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A number of dénaturants or crosslinking agents have been added to soy-based 
adhesives to improve their water resistance, assembly time tolerance, and resin consistency. 
These are roughly categorized as inorganic salts, sulfur compounds, and formaldehyde 
donors. For example, inorganic salts, such as calcium hydroxide and sodium silicate 
solution, were added in alkali-modified soy protein to improve water resistance and assembly 
time tolerance of the soy-based adhesives by forming insoluble proteinates (Lambuth, 1989). 
Sulfur compounds, such as carbon disulfide, ethylene trithiocarbonate, and thiourea, act as 
strong crosslink agents of dispersed soy proteins to increase their water resistance and raise 
their viscosity (Bjorksten, 1957). Formaldehyde donors, such as dimethyl urea, 
glyceraldehyde, hexamethylenetetramine, urea formaldehyde resins, and methylolated 
phenols, have been successfully used as a dénaturant or crosslink agent of soy-based 
adhesives for improved water resistance, longer useful glue life, improved assembly time 
tolerance, better curing behavior, and increased water-holding capacity (Lambuth, 1977). 
Overview of sov-based adhesives for structural uses 
Water resistance is the most important property that determines the durability of an 
adhesive resin for exterior-uses. In alkaline dispersion of soy flours, carbohydrate 
constituents contribute to dry bond strength and useful consistency. However, the 
carbohydrate fraction also retains its well-known sensitivity to water and is considered 
mainly responsible for limiting the performance of soy-based adhesives with respect to water 
resistance (Lambuth, 1989). In addition, while protein fractions in their cured glueline do not 
dissolve, they soften and swell on immersion in water. Therefore, a synthetic resin, such as 
phenol-formaldehyde (PF) or methylene diphenyl diisocyanate (MDI) resin needs to be 
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combined with soy protein dispersions in order to improve the properties unobtainable with 
soy-based adhesives alone (Kuo et al., 1998; Kuo et al., 2001; Lo, 1999). The basic principle 
of the copolymer system is to chemically crosslink protein as well as carbohydrate 
constituents in soy protein dispersions. The copolymer resins allow improved bonding 
performance and water resistance. 
Sov-based adhesives for plywood 
Large quantities of soy-based glue were used to bond interior grades of softwood 
plywood between about 1940 and 1960 (Lambuth, 1989). The soy-based adhesives were 
prepared by treating defatted soy flour with alkali. The alkali treatment was used to disperse 
soy protein in water and to change the structure of soy protein by increased pH (Lambuth. 
1977). However, the straight soy-based glues are no longer used for production of hot-press 
plywood because of their low water resistance. 
Several studies have been done to develop water-resistant protein glues for plywood. 
Most early studies focused on improving adhesive properties of blood and casein glues. For 
example, alkaline-modified blood proteins were blended with PF resins. Ash and Lambuth 
(1954) formulated plywood glues containing high solids from blood protein and commercial 
PF resin. Golick and Dike (1941) also prepared an exterior phenolic plywood glue 
containing over 70% dried blood in resin solids. Although the modified blood glues were 
superior to neat PF resin adhesives, the glue formulations were not used in commercial 
applications due to the higher cost of blood. From these results, however, proteins from 
different sources, such as soybean, peanut, dehulled cotton seed, sunflower seed, and 
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rapseed, could be combined with phenolic resins at various levels to yield glues with 
improved water-resistance. 
Lambuth (1977) performed extensive studies on adhesive resins formulated with soy 
proteins and PF resin. He found that soy proteins could combine with phenolic adhesive 
resins at various levels to make hot-press interior plywood glues. Although he obtained 
moderately successful results from the soy-based adhesive resins, the glue formulations were 
less reactive and more sensitive against moisture than equivalent glues made with soluble 
blood. Therefore, when phenolic adhesive resins are used as a crosslinking agent in soy-
based resin, the amount of soy protein as a phenol replacement is limited to a low level. 
Conner et al. (1989) found that carbohydrates, which are not compatible with alkaline PF 
resins, could copolymerize with PF resin if the modified resins were formulated and cured 
under neutral conditions. Following this principle, Kuo et al. (1994) formulated a waterproof 
plywood phenolic resin containing over 50% by weight of com starch. Kuo et al. (2001) 
used a mixture of soy flour with PF prepolymer to bond plywood and found that plywood 
bonded with the soy-based resin containing 70% soy flour and 30% PF approached the 
quality of plywood bonded with a commercial PF resin. Recently, Kuo and Stokke (2001) 
developed a resin formulated with soy flour hydrolyzates, instead of soy flour, and PF 
prepolymer. Lo (1999) formulated plywood resin by mixing the soy flour dispersions with 
MDI resins. But the result indicated that soy/MDI resin was not a good adhesive for 
plywood due to rapid penetration of low viscosity of MDI into wood surfaces. 
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Factors affecting adhesive bond quality of plywood 
Extenders. Extenders often reduce the overall cost of the adhesive mixes and are variously 
called fillers and extenders (Sellers, 1985). In most cases, plywood adhesives are mixed with 
extenders and fillers. The filler and extender levels added to a glue mix can be altered to 
compensate for factors that cause glueline dehydration (Di Carlo, 1984). 
An extender is a substance, generally having minor adhesive action, added to an 
adhesive to reduce the amount of the primary binder required per unit area (ASTM, 1982). 
Proteinaceous and amylaceous materials, such as wheat flour, starch, and animal blood, are 
used as extenders to increase viscosity, control the penetration into wood, and control tacky 
property (Robertson and Robertson, 1977). Consequently, some properties are improved; 
e.g., tacky consistency, assembly time tolerance, resistance to over-penetration, and faster 
and stronger prepress bonds (Lambuth, 1974). 
Filler is a relatively non-adhesive substance added to an adhesive for improving its 
working and strength properties, filling holes and irregularities of wood surfaces, and 
decreasing porosity of the surfaces (ASTM, 1982). Lignocellulosic and inorganic materials 
are included in this category. Furafil, a chemical lignocellulosic by-product of furfuryl 
alcohol production made from corncobs, rice hulls, and oat hulls is used as a typical filler 
(Haygreen and Bowyer, 1982). A glue mix, including fillers, is kept on the glueline rather 
than being absorbed into the wood surface because the filler is inert and too large in size to 
penetrate the veneer surfaces (Sellers, 1985). The use of fillers, up to 10% by total dry 
weight, shows very little reduction in durability, but gives more reliable and uniform results. 
With high ratios of extenders or fillers in adhesive formulations, there is a weakening of 
durability, but the overall costs of adhesive mixtures may be reduced correspondingly. 
27 
A typical adhesive mix for southern pine plywood for exterior uses is formulated with 
63% PF resin, 14% extender (wheat flour), 19% filler (corn-cob powder), and 5% NaOH. 
The purpose of adding NaOH in the adhesive mix is to aid in the dispersion of the extenders. 
Assembly time. Assembly time is the time interval between the end of application of the 
adhesive on the adherend and the initiation of the setting time by pressure or heat, or both, to 
the assembly (ASTM, 1982). It is one of the manufacturing variables for hot-pressed 
plywood resin. Assembly times for producing satisfactory southern pine plywood are 
typically in a range of 20 to 45 minutes (Sellers, 1985). 
During assembly, water is absorbed from the glueline, causing the viscosity of the 
adhesive mix to increase. When high moisture conditions exist either in glue mixes or 
veneers, long assembly times yield better bond quality while short assembly times are 
preferred for lower moisture levels (Wellons, 1980). One of the common difficulties in 
bonding southern pine veneer is fast adhesive dryout. If an excessive amount of water is 
absorbed during assembly, adhesive penetration into the wood surface may be inhibited, and 
the dryout of glueline occurs. Consequently, the dried-out glueline can show an erratic 
adhesive transfer to the mating veneer where only loose wood fibers are present on the 
adhesive surface (Sellers, 1985). 
Sov-based adhesives for flakeboard 
Recently, the ISU Bio-composite research group has made active research efforts to 
develop waterproof soybean-based wood adhesives for structural panels. Kuo et al. (1998) 
investigated the potential of soybean products as a sprayable wood adhesive for composition 
boards. They manufactured wood/agricultural fiberboard panels successfully by blending 
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soy protein isolates with commercial phenol-formaldehyde resins. Although fiberboard 
panels bonded with the soy-based resin showed acceptable mechanical properties and 
dimensional stabilities, food-grade soy protein isolates are relatively expensive. Thus, the 
resins, included soy protein isolates, would probably not be suitable for wood adhesive 
formulations. 
In efforts to utilize low-price soy flour, Lo (1999) used a mixture of soy flour with 
MDI resins to bond hardboard and found that the hardboard showed good bonding strength 
and water resistance. Kuo et al. (2001) formulated soy-based resins by mixing the soy flour 
dispersion with a neutral PF resin. The basis of the copolymer system is to crosslink proteins 
and carbohydrates in soy flour with reactive PF prepolymers. In detail, the protein fraction in 
soy flour was more reactive than the carbohydrate fraction with PF resin, and the 
carbohydrate fraction acted as an emulsifier for the neutral PF resin. They reported that 
fiberboard bonded with the resin is comparable in bending strength, better in moisture 
resistance, and lower in internal bonding strength than one bonded with UF resin. However, 
it is very difficult to control the viscosity of soy-based adhesives for spraying. The viscosity 
can be reduced to the desired viscosity by adding a certain amount of water, but the resultant 
adhesive resin has low solid content and includes high moisture, resulting in a long press 
time to produce quality boards. Practically, the adhesive resin cannot be used as a spray resin 
for production of fiberboard and oriented strandboard. 
To overcome the problem of its high viscosity, soy flour might be hydrolyzed into 
smaller molecular size and less secondary structure than the original proteins. The process of 
protein hydrolysis is one of the key factors that influence the success of soy protein 
adhesives. Viscosity is a major functional property of proteins and has a great effect on the 
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final resin quality. Hydrolysis of soy, either in alkaline or acidic medium, degrades protein 
and carbohydrate molecules in soy flours, and thus can reduce the viscosity of resin (Chobert 
et al., 1988). In addition to reducing viscosity, short peptide chains, produced by the 
hydrolysis of soy flours, expose more reactive sites compared to non-hydrolyzed soy flours, 
which enhance the reaction of the soy protein with the other components in the adhesive 
formulation. Kuo and Stokke (2001) prepared soy-based resin formulated by 70% 
hydrolyzed soy and 30% PF prepolymer, and showed that flakeboard bonded with the soy-
based resin had satisfactory mechanical strength and dimensional stability properties. 
Summary 
Soy protein is one of the most abundant, renewable natural polymers and possesses a 
variety of functional groups. The functional groups of protein molecules provide potential 
reactive sites to crosslink with other adhesive system components. Few researches of 
soybean-based adhesives have been initiated from protein modification, such as physical, 
chemical, enzymatic modifications. A selected modification technique of soy proteins might 
increase the physico-chemical properties of soy proteins, resulting in improved adhesive and 
water-resistant properties of the soybean-based adhesives. Hydrolysis of soy proteins and 
crosslinking with other adhesive components are the most commonly used techniques for 
current researches of soybean-based wood adhesives. These two methods will be increase 
the understanding of the properties of the soybean-based wood adhesives that are required to 
meet the needs of a variety of wood products, i.e., strength, water-resistance, cost, processing 
variables, and environmental advantages. 
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SOUTHERN PINE PLYWOOD GLUE BOND QUALITY BONDED WITH SOYBEAN-
BASED PHENOLIC ADHESIVES 
A paper to be submitted to the Forest Products Journal 
In Yang, Monlin Kuo 
Abstract 
Increased demand for wood adhesives, environmental concerns, and the uncertainty 
of continuing availability of petrochemicals have led to recent attention on protein-based 
adhesives. This study was conducted to investigate the adhesive properties of soybean-based 
phenolic adhesive resins for southern pine plywood. Two types of soybean-based resins 
were formulated and tested. The first type of soybean-based resins was formulated by 
crosslinking soy flour with phenol-formaldehyde (PF) resins under neutral pH, and the 
second type of soy resin was obtained by crosslinking soy flour hydrolyzates with PF resins 
in alkaline conditions. Results indicated that plywood bonded with the neutral phenolic soy 
resins containing 70% soy flour and 30% 160 centipoise (cps) PF without the use of 
extenders and fillers compared favorably to the traditional southern pine PF glue mixes. The 
adhesive gluebond properties of plywood bonded with alkaline phenolic soy resins, 
containing 40% or 50% 50 cps PF resins and 19% corn-cob powder, were superior to 
traditional southern pine PF glue mixes. These results suggest that soybean-based phenolic 
adhesive resins have potential for production of exterior southern pine plywood. 
Keywords: Soybean-based phenolic adhesives, phenol-formaldehyde, plywood, 
exterior grade, soy flour hydrolyzate 
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INTRODUCTION 
Before the advent of modern synthetic adhesive resins, such as urea- and phenol-
formaldehyde resins, soy glues were important adhesives for plywood production. 
Uncertainty in future supply of petrochemicals and stringent regulations on toxic emissions 
have compelled the wood industry to develop adhesive resins from renewable substances. 
The agricultural industry also is eager to invest in researching non food uses of agricultural 
products to expand their markets. 
Carbohydrates and proteins are the most abundant renewable substances suitable for 
uses as wood adhesives. It is a significant challenge to develop adhesives from these natural 
substances at reasonable costs to compete with synthetic thermosetting adhesives to meet 
stringent performance requirements. A current concept to achieve this goal is to use these 
natural substances as copolymers with synthetic polymers to reduce the dependency on 
petroleum-derived chemicals. In this respect, proteins are more suitable than carbohydrates 
because amino, carboxyl, aliphatic and aromatic hydroxyl, and other functional groups in 
proteins provide abundant functionality for chemical crosslinking. 
Most of the important research on protein-based wood adhesives was done before 
1960. Golick and Dike (1941) formulated exterior phenolic plywood glues containing up to 
70% dried blood. Ash and Lambuth (1954) prepared plywood glues containing high blood 
solids blended with phenol-formaldehyde (PF) resins that required a special mixing 
procedure to avoid the high viscosity problem. Weakley and Mehltretter (1964) developed 
moisture resistant plywood adhesives by crosslinking casein with dialdehyde starch. More 
recently, a cold-setting adhesive for finger-joint lumber was invented, and the adhesives 
contained equal parts of soy protein isolates and phenol-resorcinol-formaldehyde (PRF) resin 
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(Steele et al., 1998). The adhesive is being produced and sold by a chemical company in 
Oregon. Riebel et al. (1997) described methods of preparing a soybean-based molding 
compound by crosslinking soy flour with 12% methylene diphenyl isocyanate (MDI). PF-
crosslinked soy resins comprising 70% soy flour and 30% PF resin were developed by Kuo 
et al. (2001) and Kuo and Stokke (2001). A similar PF-crosslinked soy resin comprising 
30% soy flour and 70% PF resin also has been developed by Hse et al. (2001). The potential 
of these newly developed soybean-based adhesives has not been explored for plywood 
production. The objective of this study was to investigate potential of soybean-based 
phenolic resins developed at Iowa State University for plywood production. 
MATERIALS AND METHODS 
Adhesive resins and glue mix formulations 
Two types of soybean-based phenolic resins, neutral phenolic soy (NPS) resin and 
alkaline phenolic soy (APS) resin, were formulated for laboratory production of 3-ply 
southern pine plywood. NPS resins were prepared by crosslinking soy flour with a highly 
methylolated PF resin at a neutral pH as described by Kuo et al. (2001). APS resins were 
formulated by crosslinking soy flour hydrolyzates with PF resins under alkaline conditions as 
described by Kuo and Stokke (2001). The final formulations of the NPS and APS resins 
varied in different soy to PF weight ratios (70/30,60/40, and 50/50) and in two PF viscosities 
(50 cps and 160 cps). A control PF resin (Borden 45 557H) with a resin solid level of 50% 
and viscosity level of 200 cps was used for comparison. 
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Commercial wheat flour (WF) and corn-cob powder (CCP) were used as an extender 
and filler in the glue mix formulations. Composition of glue mixes prepared with NPS and 
APS resins are shown in Table 1. 
Plywood preparation and testing 
Defect-free 12 inch by 12 inch and 1/8 inch in thick southern pine (Pinus spp.) 
veneers were used. Veneers were adjusted to 4% moisture content before the application of a 
glue mix. Glue mixes were applied with a brush at a rate of 84 to 86 lbs/MDGL (thousand 
square feet of double gluelines). The 3-ply assemblies were subjected to a 30 minute or 60 
minute assembly time at room temperature, followed by pressing them with a 200 psi 
specific pressure at 170 °C or 200 °C for 8 minutes. Each glue mix and pressing treatment 
was replicated 3 times. 
Adhesive bond quality was determined in accordance with the US Product Standard 
PS 1-95 (NIST, 1996). Plywood panels were conditioned in the laboratory ambient condition 
overnight before cutting each panel into 30 shear specimens. Ten random test specimens 
from each panel were tested in dry condition. Another ten random specimens were tested 
after vacuum-pressure soaking. The shear test was done with a universal test machine with a 
1 inch/minute load rate. The adhesive bond quality was determined by dry and wet shear 
strengths and percent wood failure. 
Experimental design and statistical analyses 
This experiment was designed to examine the effects of PF level in soy resins, PF 
viscosity, extender content, assembly time, and press temperature on plywood adhesive bond 
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quality. These effects were analyzed as 3 x 2 factorial design. Analysis was carried out with 
the Statistical Analysis System (SAS, 1999) programming package. A 95% confidence level 
was used in all statistical tests. Effects of each variable were examined by the General 
Linear Model procedure. Significant effects with a p<0.05 were further characterized by 
Tukey's significant difference test between means. 
RESULTS AND DISCUSSION 
Adhesive bond quality using neutral phenolic soy resins 
Table 2 shows that plywood bonded with neutral phenolic soy resins had a broad 
range of dry shear strength (DSS) and dry percent wood failure (DWF), ranging from 127 psi 
to 261 psi and 45% to 82%, respectively. The corresponding range for wet shear strength 
(WSS) and wet percent wood failure (WWF) were 45 psi to 172 psi and 16% to 86%, 
respectively. 
For the unextended soy/50 cps PF resin, increasing PF level in the resins improved all 
gluebond properties (Table 3). Increasing the PF level from 30% to 40% improved DSS, 
WWF. and WSS. When PF level increased from 40% to 50%, no significant differences in 
DWF, DSS, and WWF were found. Most properties showed more increases when the PF 
level in soy resins was increased from 30% to 40% than from 40% to 50%. This may be due 
to the difference in degree of resin curing. In other words, higher PF level in unextended 
soy/50 cps PF resins caused the resins to crosslink in cured gluelines. Assembly time did not 
affect all gluebond properties in plywood bonded with unextended soy/50 cps PF resins 
(Table 3). The unextended soy/50 cps PF resins formulated with 50% PF with a 60-minute 
assembly time provided the best plywood gluebond quality, 68% DWF, 227 psi DSS, 67% 
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WWF, and 144 psi WSS, compared favorably with the plywood bonded with the control PF 
glue mix. 
The addition of extender in soy/50 cps PF resins increased DWF and DSS (Table 4). 
The improvements of dry gluebond properties are likely that the addition of extender might 
provide the uniform adhesive ingredients, fills holes and irregularities of veneer surfaces, and 
decreases porosity of the surface for consistent bonding (Sellers, 1985). The use of extender 
in the soy/50 cps PF resins had a negative effect on wet gluebond properties. Inclusion of 
extender in the resins caused drastic viscosity increase, making glue spreading very difficult. 
Therefore, NPS resins do not need to be extended, because soy flour may act in the resins 
both as copolymer and extender. In addition, the foaming property of soy flour also may 
contribute to the performance of soy resins for plywood bonding. There were no significant 
differences between two levels of extender content for all gluebond properties (Table 4). In 
extended soy/50 cps PF resins, WWF and WSS were decreased significantly with 
lengthening the assembly time from 30 minutes to 60 minutes. The results indicate that 
glueline dehydration, especially at long assembly times, might cause decreases of wet 
gluebond properties. 
For the unextended soy/160 cps PF resins, the resins produced consistently high DSS 
with nearly 80% DWF. PF level in the resins and assembly time had no significant effects on 
dry gluebond properties. When the PF level increased from 30% to 40%, WSS was 
improved (p<0.01) but did not affect WWF. Further increase in the PF level from 40% to 
50% significantly improved (p<0.01) WWF but not WSS. Soy/160 cps PF resin 
demonstrated higher gluebond properties in both dry and wet tests than did soy/50 cps PF 
resins (Table 4). The differences of the gluebond properties might be due to different resin 
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penetrations into veneer. The differences of resin penetration were observed by microscopy. 
The molecular size of the soy/160 cps PF resins might have larger than that of soy/50 cps PF 
resin. The molecular size, therefore, may prevent resins from over-penetration into veneer 
during the resin curing. The proper resin penetration might appear to be the main reason for 
high gluebond properties of the resin. Wet gluebond properties of plywood bonded with the 
soy/160 cps PF resin, regardless of PF level and assembly time, were superior to those of 
plywood bonded with the PF control glue mix. The soy/160 cps PF resins also showed 
appropriate consistency as plywood glues. These results suggest that 160 cps PF resin is the 
optimum viscosity of PF resin in NPS resins. The application of soy/160 cps PF resins might 
contribute to reduce overall PF resin content for the manufacture of southern pine plywood. 
Besides, the light glueline of the NPS resins shows potential for decorative wood 
applications. 
Properties of plywood bonded with alkaline phenolic soy resins 
Table 5 shows the adhesive gluebond properties of plywood bonded with glue mixes 
formulated with alkaline phenolic soy (APS) resins, that is, resins incorporating soy flour 
hydrolyzates. 
Plywood bonded with APS resin glue mixes formulated with 14% WF and 19% CCP 
showed good dry gluebond properties at all PF levels. In the glue mixes, dry gluebond 
properties were not affected by PF level in APS resins, but WWF and WSS increased with 
increasing PF level. These results indicate that APS glue mixes with a higher PF level might 
have a more crosslinked network in cured gluelines than one with a lower PF level. In 
addition to the more crosslinked network, the molecular size of the more crosslinked resins 
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might be suitable enough to prevent the resins from over-penetration into veneers. The wet 
gluebond properties also improved by lengthening of assembly time. During 60-minute 
assembly, water in gluelines is absorbed into veneers or evaporated resulting in increased 
viscosity of glue mixes. Consequently, the glue mixes might prevent resin from over-
penetration into the wood surface. 
For APS glue mixes formulated with just 19% CCP. Increasing PF level in the APS 
resins had significant effects on all adhesive gluebond properties (Table 6). At 40% and 50% 
PF levels, DWF values of the plywood panels were over 95%, but the DWF was decreased to 
87% with decreasing the PF level to 30%. With the PF levels of 40% and 50%, the plywood 
gluebond were very durable, having 79% WWF values. But at 30% PF level in the APS 
resins, there was a drastic reduction in the WWF below 50%. These results might be 
attributed to more completely crosslinked cured gluelines due to the combination of high 
press temperature and PF level in APS resins. Besides greater crosslinking, the APS glue 
mixes formulated without WF may lead to reduction of the detrimental effect of WF on wet 
gluebond quality. 
APS resin glue mixes - prepared with 40% or 50% PF level and with 19% CCP as 
extender, and pressed at 200 °C press temperature - produced adhesive gluebond properties 
superior to those of a control PF glue mix. Furthermore, WWF of plywood prepared with the 
glue mixes approached the requirement of 85% for construction and industrial plywood 
(NIST, 1996). At 60-minute assembly, plywood bonded with APS glue mixes containing 
14% WF and 19% CCP and a 40 or 50% PF level had comparable gluebond properties to 
those bonded with the control PF glue mix. These results suggested that alkaline phenolic 
soy resins have potential for production of exterior-grade southern pine plywood. 
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CONCLUSIONS 
High WWF values of plywood panels were associated with increasing PF level in 
NPS resins and use of 160 cps PF resin in the formulation. Results of this study suggest that 
soy/160 cps PF resin might be used as a plywood adhesive resin for southern pine and enable 
a reduction in overall PF usage. For APS resin glue mixes, the following conditions 
produced the highest gluebond properties: a 40 or 50% PF level in APS resins, a 60 minutes 
assembly time, a 200 °C press temperature, and an addition of just CCP in the glue mixes. 
The WWF rates of both NPS and APS resins were superior to those of a control glue mix, 
and approached the requirement of Product Standard 1-95 for construction and industrial 
plywood. 
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Table 1. Compositions of soybean-based phenolic resin glue mixes for southern pine 
plywood. 
Soy to PF weight ratio Extender level 
Neutral phenolic sov resin 
50 cps 70/30,60/40, 50/50 
160 cps 70/30,60/40, 50/50 
Alkaline phenolic sov resin 
50 cps 70/30,60/40, 50/50 
50 cps 70/30,60/40, 50/50 
Control PF resin 
200 cps (Borden PF resin) 0/100 
No extender 
7% WF and 10% CCP 
14% WF and 19% CCP 
No extender 
14% WF and 19% CCP 
19% CCP 
14% WF and 19% CCP 
'cps: centipoise (mPa*s). 
' WF: wheat flour; CCP: corn-cob powder. 
Table 2. Adhesive gluebond properties of .southern pine plywood bonded with neutral phenolic soy resins and pressed at 175 °C, 
PF type Soy/PP Total Solid PF Solid F.xtcndcrs in solid * Assembly DWF" DSS" WWF" WSS" 
(cps)c (w/w) (%) (%) time (min) (%) (Psi) (%) (psi) 
Control 44.1 29.5 14% WF+ 19% CCP 30 92 177 63 106 
50 70/30 37.4 11.2 30 50 164 47 88 
60 57 158 42 62 
60/40 40.4 16.1 30 60 182 67 123 
60 61 201 52 105 
50/50 41.4 20.7 30 70 200 67 127 
60 68 227 67 144 
50 70/30 38.6 9.6 7% WI + 10% CCP 30 57 175 30 86 
60 45 190 20 68 
60/40 40.8 13.5 7% WF + 10% CCP 30 74 216 50 116 
60 61 204 24 82 
50/50 42.2 17.5 7% WF + 10% CCP 30 68 218 48 116 
60 61 239 45 123 
70/30 40.5 8.1 14% WF+ 19% CCP 30 62 179 43 105 
60 45 134 16 45 
60/40 43.1 11.6 14% WF + 19% CCP 30 82 235 60 122 
60 76 216 49 109 
50/50 41.9 14.1 14% WF + 19% CCP 30 64 211 50 118 
60 58 155 43 87 
160 70/30 41.2 12.4 30 79 261 79 149 
60 77 232 74 118  
60/40 42.3 16.9 30 82 229 80 152 
60 81 228 79 146 
50/50 39.9 20.0 30 79 260 84 172 
60 77 233 86 149 
8 WF: wheat flour; CCP: corn-cob powder (based on total solid). 
bDWF: dry wood failure; DSS: dry shear strength; WWF: wet wood failure; WSS: wet shear strength. 
"cps: centipoise (niPa«s). 
Each value is the average of 30 tests, I test per specimen, 10 specimens per panel for three plywood panels. 
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Table 3. Effects of PF levels and assembly time on adhesive gluebond properties of southern 
pine plywood bonded with neutral phenolic soy resins without extender. 
DWF (%) a DSS (psi)1 WWF (%)a WSS (psi) a 
50 ens PF resin 
30% 54 B 161 B 45 B 75 C 
40% 61 AB 192 A 60 A 114 B 
50% 69 A 214 A 67 A 135 A 
(p=0.01) (p=0.01) (p=0.01) (p=0.01) 
30 minutes 60 182 60 112 
60 minutes 62 195 54 104 
(p=0.63) (p=0.24) (p=0.11) (p=0.24) 
160 cos PF resin 
30% 78 247 77 B 134 B 
40% 81 229 79 B 149 A 
50% 78 247 85 A 179 A 
(p=0.50) (p=0.11) (p=0.01) (p=0.01) 
30 minutes 80 243 81 158 
60 minutes 79 224 80 138 
(p=0.60) (p=0.08) (p=0.52) (p=0.01) 
'DWF: dry wood failure; DSS: dry shear strength; WWF: wet wood failure; WSS: wet shear 
strength. 
Means within a column not followed by a common capital letter differ significantly at p = 
0.05 (Tukey's significant difference test). 
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Table 4. Effects of extender level, assembly time, and PF viscosity on adhesive gluebond 
properties of southern pine plywood panels bonded with neutral phenolic soy resins. 
DWF (%)a DSS (psi)1 WWF (%)a WSS (psi)a 
Soy/50 cps PF resins 
Extender level 
No extender vs. 61 192 60 114 
With extender 74 218 46 108 
(p=0.01) (p=0.01) (p=0.56) (p=0.11) 
7% WF+10% CCP vs. 68 210 37 99 
14% WF+19% CCP b 79 226 55 116 
(p=0.19) (p=0.08) (p=0.06) (p=0.68) 
Assembly time 
30 minutes 72 211 59 120 
60 minutes 66 204 42 99 
(p=0.29) (p=0.05) (p=0.01) (p=0.01) 
Soy/PF resins c 
PF viscosity 
50 cps vs. 61 189 57 108 
160 cps 79 241 80 148 
(p=0.01) (p=0.01) (p=0.01) (p=0.01) 
'DWF: dry wood failure; DSS: dry shear strength; WWF: wet wood failure; WSS: wet shear 
strength. 
b WF: wheat flour, CCP: corn-cob powder. 
c These glue mixes were formulated without extender. 
Each p-value indicates the probability for the effect of each variable for each adhesive 
gluebond property by the Contrast procedure. 
Table 5. Adhesive gluebond properties of southern pine plywood bonded with alkaline phenolic soy resins. 
i a nr I b _N N A UI.. rwnr C 1100 c SH/PF' Total 
solid 
PF 
solid 
Extenders 
in solid 
pH Press 
Temp. 
Assembly 
time 
DWF DSS WWF' WSS 
(w/w) (%) (%) (°C) (minute) (%) (psi) (%) (psi) 
Control 44.1 29.5 14% WF + 19% CCP 9.4 175 30 92 177 63 106 
70/30 47.6 9.6 14% WF + 19% CCP 8.6 175 30 83 257 19 86 
175 60 70 212 38 99 
60/40 48.9 13.1 14% WF+ 19% CCP 8.7 175 30 82 227 33 111 
175 60 93 231 57 121 
50/50 48.5 16.3 14% WF + 19% CCP 8.9 175 30 82 249 38 121 
175 60 81 228 63 140 
70/30 52.4 11.8 19% CCP 10.3 200 60 87 97 45 60 
60/40 52.4 15.8 19% CCP 10.2 200 60 97 148 79 109 
50/50 52.3 19.7 19% CCP 10.3 200 60 KM) 131 79 130 
% 
"SH/PF: alkaline soy hydrolyzate/50 cps PF resins. 
b WF: wheat flour; CCP: corn-cob powder (based on total solid). 
c DWF: dry percent wood failure; DSS: dry shear strength; WWF: wet wood failure; WSS: wet shear strength. 
dcps: centipoise (mPa*s). 
Each value is the average of 30 tests, I test per specimen, 10 specimens per panel for three plywood panels. 
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Table 6 Effects of PF level, assembly time, and extender content on adhesive gluebond 
properties of southern pine plywood bonded with alkaline phenolic soy resins. 
DWF (%)a DSS (psi)1 WWF (%)a WSS (psi)1 
APS resin glue mix (with 14% WF and 19% CCP) 
PF level 
30% 76 234 28 B 93 C 
40% 87 229 45 A 116 B 
50% 81 238 50 A 131 A 
(p=0.11)b (p=0.19) (p=0.01) (p=0.01) 
Assembly time 
30 minutes 82 244 30 106 
60 minutes 81 224 53 120 
(P=0.74)b (p=0.06) (p=0.01) (p=0.01) 
APS resin glue mix (with 19% CCP only) 
PF level 
30% 87 B 97 B 45 B 60 C 
40% 97 A 148 A 79 A 109 B 
50% 100 A 131 A 79 A 130 A 
(p=0.01)b (p=0.01) (p=0.01) (p=0.01) 
'DWF: dry wood failure; DSS: dry shear strength; WWF: wet wood failure; WSS: wet shear 
strength. 
bThe p-value indicates the probability for the effects of PF level and assembly time on each 
property. 
Means within a column not followed by a common capital letter differ significantly at p = 
0.05 (Tukey's significant difference test). 
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PHYSICAL PROPERIES OF HYBRID POPLAR FLAKEBOARD BONDED WITH 
ALKALINE PHENOLIC SOY ADHESIVES 
A paper to be submitted to the Forest Products Journal 
In Yang, Monlin Kuo 
Abstract 
Soybean-based adhesives have recently been reconsidered as alternatives to 
petroleum-based adhesives due to the uncertainty of availability of petrochemical products 
and the increased demand for wood adhesives. This study was conducted to investigate the 
adhesive properties of alkaline phenolic soy (APS) resin for hybrid poplar flakeboard. The 
APS resin was formulated by crosslinking an alkaline soy flour hydrolyzate with lab-
prepared PF resin in the soy hydrolyzate to PF resin weight ratios of 70/30, 60/40, and 50/50. 
The APS resins were used to fabricate homogeneous hybrid poplar flakeboards with different 
resin solid levels (5%, 7%, and 9%), press temperatures (175 and 200 °C), and press times of 
8 and 10 minutes. The IB, wet MOR, and dimensional stability properties of board improved 
with increasing press time, press temperature, and PF level in APS resins. Increasing press 
time can be used to offset poor IB strength associated with a 9% resin solid level and the 
excessive moisture content in the mat. The following conditions were concluded to meet the 
requirements of the CSA standard for exterior-grade flakeboard: a 50% PF level, a 5% resin 
content, a 200 °C press temperature, and an 8 minute press time. 
Keyword: soy flour hydrolyzate, phenol-formaldehyde (PF) resin, CSA standard, wet 
modulus of rupture, linear expansion, PF level. 
55 
INTRODUCTION 
In 1998, North American oriented strand board (OSB: 3/8 inch-thick board basis) 
production reached 19 billion ft2 and is expected to increase to 41 billion ft2 by 2050 (Adams, 
2000). OSB panels are mainly manufactured using phenol-formaldehyde (PF) adhesives. 
Wood product industries in North America consumed about 3 billion lb of phenolic resin 
solid in 1999 (Johnson, 2001). 
While PF resin is currently in adequate supply, fluctuating crude oil prices, increased 
demand for wood adhesives, the uncertain future supply of petrochemicals, and demand for 
environmentally safe products have given an impetus to develop adhesives from renewable 
resources. In the search for alternative adhesives to replace conventional wood adhesives. 
the utilization of spent liquor lignins and tannins for wood adhesives has been gained 
increasing research interest (Kuo et al., 1991; Pizzi. 1983; Sellers et al., 1994). The 
industrial application of these substances is still a challenge to the wood industry. Because 
lignins have low reactivity, and thus require longer curing time or a higher curing 
temperature than phenolic resins (Koch et al., 1987). For tannin-based adhesives, two 
inherent problems of the adhesive, short pot-life and poor strength of the cured glueline, limit 
its industrial applications (Pizzi, 1983). 
Carbohydrates and proteins have been reconsidered as alternatives to petroleum-
based wood adhesives, because the two substances are the most abundant renewable 
substances. The two substances have to be used as copolymers with synthetic resins to meet 
stringent performance requirements. In this aspect, proteins are more suitable than 
carbohydrates, because proteins possess many more functional groups than carbohydrates for 
the formation of cross-linkages with synthetic resins. For example, soy protein contains 
about 4% tyrosine, an aromatic amino acid, and the two open ortho positions of each tyrosine 
are available for condensation with synthetic resins (Kuo and Stokke, 2001). 
Recently, Kuo et al. (2001) formulated neutral phenolic soy resins having a high 
viscosity and a short pot life. Thus, the viscous adhesive resin is more suitable for plywood 
than for OSB. Hydrolyzation of soy proteins is a way to reduce the viscosity of the soy-
based adhesive resins resulting in a resin that is easily sprayable to wood furnishes. Kuo and 
Stokke (2001) developed a PF-crosslinked soy resin comprised of 70% soy hydrolyzate and 
30% PF, and prepared flakeboard panels with the resin. The boards were as strong in 
bending strength, but lower in internal bonding strength and in water resistance than boards 
bonded with a commercial PF resin. A similar soy resin has been developed by Hse et al. 
(2001). These results suggested that the soybean-based phenolic adhesive resin could be 
improved by increasing the amount of PF ingredient, resin content, or altering pressing 
conditions. Therefore, the objective of this study was to investigate the effects of PF level in 
the soy resins, board resin content, press temperature, and press time on the physical 
properties of flakeboard bonded with the soybean-based phenolic adhesives. 
MATERIALS AND METHODS 
Flake preparation 
Four- to six-year-old hybrid poplar (Populus deltoïdes) logs with diameters ranging 
from 5 to 10 inches were harvested from the Hinds Farm located near Ames, Iowa. Logs 
were debarked, and then reduced into flakes by means of a disk flaker with flake thickness 
set at 0.02 inch. The flakes were screened using a lab-made rotary concentric screener to 
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eliminate fines, and then dried to 3 ± 1 percent moisture content in a drier. Flake target 
dimension was 2.8 inch length x 0.4 inch width x 0.02 inch thickness. 
Adhesive preparation 
Alkaline soy hydrolyzates were prepared by reacting defatted soy flour in a sodium 
hydroxide solution as described Kuo and Stokke (2001). A highly methylolated phenol-
formaldehyde (PF) resin was prepared in the laboratory with a formaldehyde to phenol molar 
ratio of 2.4 and a sodium hydroxide to phenol molar ratio of 0.1. Synthesis of the PF resin 
was done in an l-L resin kettle. The phenol, 37% formaldehyde, and 50% sodium hydroxide 
were charged to the reactor and held at 75 °C for 60 minutes. The reaction mixture was then 
heated to 90-95 °C, and cooked for 65 minutes. 
Synthesis of APS resins was done at the soy hydrolyzate to PF resin weight ratios of 
70/30, 60/40, and 50/50. Before spraying, 1% lignosulfonate-based wax emulsion (ovendry 
weight basis of flakes), having a 50% solid content, was added into the resin formulations at 
the final stage to improve the water repellency properties. A control PF resin (45 557H) with 
a resin solid level of 50 percent and viscosity level of 200 cps was obtained from Borden 
Chemical Company. 
Characteristics of soy-based resins 
Viscosity, solid content, and pH tests of the APS resins were performed to provide a 
comparison with a commercial PF resin. The solids content of the APS resin was determined 
by a pan solids technique (ASTM, 1993). Viscosity of each resin was measured at room 
temperature with a Brookfield digital Viscometer, DV-H (Stoughton, MA) spindle Number 
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21 at 10-rpm rotation, after wax emulsion was mixed with APS resins. The pH of each resin 
was measured with a Fisher Scientific (Pittsburgh, PA) ACCUMET®, Model 1600 pH meter. 
Flakeboard fabrication and testing 
The APS resins at a rate of 5%, 7%, and 9% resin levels, based on the ovendry flake 
weight, were sprayed onto flakes in a rotating drum blender. The target density of the single-
layer flakeboards was 40.6 lb/cubic feet (0.65 g/cm3). The board design was 15 inch by 15 
inch and 0.5 inch in thickness, using steel stops for thickness control. The required amount 
of resin was applied to the flakes with an air-atomization nozzle (30 psi air pressure). The 
blended flakes were hand-felted into a randomly oriented, homogeneous mat with a forming 
box on a caul plate. The mat was transferred to a hot-press and pressed with the specified 
conditions. The hot-press platen temperatures were 175 °C or 200 °C. Total press times 
were 8 and 10 minutes. A sixty-ton force was applied to reach a panel thickness of 0.5 inch 
in less than 30 seconds, and decompressed the last half period of the cycle. After 
conditioning at ambient conditions overnight, the density of each board was measured. 
Physical properties, dry and wet modulus of rupture (MOR), modulus of elasticity 
(MOE), internal bond (IB), water absorption (WA) and thickness swell (TS) after 24-hour 
soaking and 2-hour boiling, and linear expansion (LE) after 2-hour boiling, of the flakeboard 
were tested in accordance with ASTM 1037-78 (1998). Two MOR and MOE specimens in 
dry state, six IB specimens, four TS-24 and WA-24 specimens, one wet MOR, TS-2, WA-2, 
and LE specimen were obtained from each panel. When wet MOR was tested, the specimen 
tested was still wet but cooled. 
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Experimental design and statistical analyses 
This study was designed to examine the effects of PF level in APS resins, resin 
content, press temperature, and press time on physical properties of flakeboard bonded with 
APS resins. A full-factorial experimental design (3x3x2x2) was employed. The four 
factors were resin content (5%, 7%, and 9%) and PF level in APS resins (30%, 40%, and 
50%), press temperature (175 °C and 200 °C), and press time (8 and 10 minutes). A total of 
222 boards were made with 6 boards for each adhesive resin (216 boards), and six control 
boards bonded with a commercial PF resin also were prepared. 
The data were analyzed using the Statistical Analysis System programming package. 
The General Linear Model (GLM) procedure and the analysis of variance (ANOVA) were 
used to determine differences among different resins and to characterize the individual APS 
resins. Significant effects with a p < 0.05 were further characterized by the Least 
Significance Difference (LSD) between means. 
RESULTS AND DISCUSSION 
Resin characterization 
The pH and solid content of soy resins were increased by increasing the amount of 
PF. Viscosity was decreased with increasing PF level in APS resins. The properties of three 
APS resins and a commercial PF resin used to bond flakeboard are presented in Table 1. The 
APS resins are suitable to produce OSB panels because they displayed sufficiently low 
viscosities (1570 — 1670 cps) for spraying, with high solid levels ranging from 45% to 47% 
and pH values from 9.6 to 10.9. 
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Panel properties 
Table 2 shows the average values of physical properties for flakeboards bonded with 
commercial PF and APS resins. Table 3 summarizes the results of statistical analyses of the 
effects of PF level in APS resins, resin content, press temperature, and press time on the 
physical properties of the flakeboards. 
Effect of resin composition 
PF level in APS resins had a highly significant influence on the physical properties of 
flakeboard. Increasing PF level in APS resins increased dry MOR and IB (Table 3). In 
particular, dry MOR increased 7% when PF level increased from 30% to 40%, but increased 
only 2% with further increasing PF level. Similarly, IB increased 26% when the PF level 
increased from 30% to 40%, but increased only a 12% when the PF level increased from 
40% to 50%. MOE and wet MOR significantly increased with increasing PF level (Table 3). 
Mechanical properties of wood-based composites, especially IB, are highly dependent 
upon adhesive strength of a binder. Most mechanical strength properties were increased 
more when the PF level increased from 30% to 40% than from 40% to 50%. These results 
are probably due to the different degree of crosslinking in cured gluelines. In other words, 
when the PF level increased from 30% to 40%, the degree of crosslinking in cured gluelines 
might have been significantly increased, resulting in improved adhesive strength. With 40% 
PF in soy resins, most soy protein segments might have been fully crosslinked, and thus 
further increases in PF level do not proportionally increase the mechanical properties of 
flakeboard. 
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Dimensional stability properties of boards also improved with increasing PF level in 
APS resins (Table 3). TS-24 and TS-2 reduced with increasing PF level. Within the same 
range of PF levels tested, WA-24 and WA-2 also reduced with increasing PF level. LE 
improved with increasing amounts of PF in APS resins. The LE reduced approximately 20% 
when PF level increased with a 10% increment. These results are probably caused by more 
crosslinking in cured resin systems with increasing PF level in APS resins, resulting in 
improving the dimensional stability properties. 
Effect of resin usage 
As shown in Table 3, dry MOR and MOE increased when amount of the resin applied 
onto wood furnishes increased from 5 to 7%, but the properties did not change significantly 
or decreased slightly with increasing resin content. IB value of boards with 7% resin content 
had the highest (100 psi), followed by boards with 9% resin content (94 psi) and boards with 
5% resin content (88 psi). 
Generally, greater resin coverage leads to more interparticle bonds, and thus the 
increased interparticle bonding should provide higher adhesive strength and durability. In 
addition to the resin coverage, board properties may also be influenced by mat moisture 
content. Excessive moisture in a mat requires a long press cycle to allow removal of 
moisture and to prevent delamination of the final board upon pressure release. In this study, 
mats with 5%, 7%, and 9% resin content have approximately 11%, 14%, and 17% total mat 
moisture contents, respectively. When mats with 9% resin content were pressed with a short 
press cycle, the IB value of the final board was lower than that with 7% resin content. This 
result is probably from low-density core or delamination in the final board. 
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There were significant differences in wet MOR and all dimensional stability 
properties among three resin contents (Table 3). The results of increasing resin contents 
yielding improvement of wet MOR and dimensional stability properties can be explained by 
a higher resin content that leads to more resin coverage onto wood furnishes. Consequently, 
boards made with a higher resin content have improved interparticle bonding, which 
improves the properties. LE also significantly reduced with increasing resin content (Table 
3). LE reduced 15% as resin content was increased from 5% to 7%, but further resin addition 
had little impact, a 3% reduction. The reason for the different response of LE depending on 
resin content is probably that boards made with a higher resin content might already have 
enough interparticle bonds, resulting in little benefit of further increasing resin content. 
Effects of press conditions on board properties 
Press temperature 
Increasing press temperature positively affected physical properties except dry MOR 
(Table 3). Wet MOR and IB increased by 125% and 20% as press temperature increased 
from 175 °C to 200 °C. The wet MOR and IB properties are closely related to degree of 
resin cure and crosslinking. As results indicate, a press temperature of 200 °C is needed to 
more completely cure or crosslink APS resins. Therefore, it can be concluded that APS resin 
system needs to be pressed at a 200 °C press temperature to obtain a high adhesive strength. 
Press temperature strongly influenced dimensional stability properties (Table 3). 
WA-24 and WA-2 showed 27% and 34% reductions with increasing press temperature. The 
reductions of WA values are probably due to improved resin curing in final boards. In other 
words, water entry into the well-cured board occurred at a slow rate due to the increased 
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interparticle bonds, resulting in decreased porosity in the board. TS-24 and TS-2 also 
decreased by 45% and 54% with increasing press temperature. The reductions of TS showed 
a similar trend to Hse (1975). He reported that as press temperature was increased, a 
softening and plastic flow of resin and wood elements occurred, and this relieves internal 
stress build up during hot-pressing. Consequently, the high press temperature may contribute 
to thickness stability. With increasing press temperature, LE dropped from 0.42% to 0.30%, 
a 29% reduction. The reason for the differences in dimensional stability properties between 
the two press temperatures is probably due to increased degree of resin curing at high press 
temperature. In addition, the reduced hygroscopic property of wood flakes at a higher press 
temperature is likely to stabilize dimensional changes. 
Press time 
Neither dry MOR nor MOE were affected significantly by press time (Table 3). 
However, wet MOR and IB significantly increased, when press time was increased from 8 
minutes to 10 minutes. Generally, the curing of the resin does not occur uniformly, because 
an entire board is not uniformly heated within the thickness of a given board (Kelly, 1977). 
To allow the maximum resin curing in the core, lengthening of the press time at a constant 
temperature or increasing of the press temperature at a constant press time is needed. Press 
temperature, however, must be limited to prevent board surfaces in contact with the platens 
from being thermally degraded. Therefore, increased core temperature is accomplished by 
lengthening the press time (Kelly, 1977). Since the reactivity of APS resins is not as high as 
the PF or UF adhesives, it is necessary to use a high temperature to allow resin curing in the 
core, and this can be accomplished by a longer press time. 
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Lengthening of press time also significantly affects WA and TS of boards bonded 
with APS resins, but there was no significant effect on LE between 8 and 10 minutes (Table 
3). When press time was increased, TS-24, TS-2, WA-24, and WA-2 reduced by 28%, 22%, 
15%, and 14%, respectively. Longer press time might help the core part reach a sufficiently 
high temperature to allow the resin to cure more, and consequently, the uniformly well-cured 
resin network might improve the dimensional stability properties. 
Press temperature x press time interaction 
When the effect of press temperature within a certain press time was compared, dry 
MOR (p=0.01), MOE (p=0.02), IB (p=0.01), TS-24 (0.01), and WA-24 (p=0.01) were found 
to have significant differences. Increasing press temperature did not affect dry MOR at a 
press time of 8 minutes, but the property decreased with increasing press time at 10 minutes. 
For MOE and IB, large differences were found between two press temperatures at 8 minutes 
of press time. Increasing press temperature at a press time of 8 minutes yielded much greater 
reductions of TS-24 and WA-24 than at 10 minutes. These results indicate that press 
temperature is a more significant factor than press time for improving physical properties of 
flakeboard bonded with APS resins. 
Optimization of processing variables 
A longer press cycle and a high press temperature are the best conditions for complete 
resin curing throughout the thickness of a board. However, hot pressing is one of the most 
significant and expensive operations in wood composite panel manufacture. The pressing 
conditions, therefore, should be carefully controlled to ensure that the core reaches a 
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sufficiently high temperature to cure an adhesive without subjecting the board surface to a 
degradative temperature. In particular, the reduction of press time is the most effective way 
to improve the productivity for industrial applications of APS resins. From the results 
obtained, it can be concluded that an 8 minutes press time and a 200 °C press temperature are 
the optimum conditions within the range of pressing conditions tested. Therefore, the 
conditions were used to optimize PF level in APS resins and resin content for exterior-grade 
flakeboards bonded with APS resins. 
In comparison to CSA standards (SB A, 2001), dry MOR and IB values were well 
above the minimum requirement (dry MOR: 4200 psi; IB: 50 psi), regardless of PF level in 
APS resins, resin content, press temperature, and press time. Most MOE values did not meet 
the minimum requirement (800 kpsi), but the property can be easily improved by flake 
alignment (Geimer and Crist, 1980; Liu, 1988; Shupe et al., 2001). In order to meet the 
requirement of wet MOR (900 psi), APS resin should be formulated with 40% PF in the 
resins regardless of resin content (Table 2). As shown in Table 2, the optimum PF levels for 
TS-24 and LE were determined to be 50% to meet the requirement (TS-24: 15%; LE: 
0.35%). The LE, similar to MOE, can be improved by flake alignment. 
Based on the results obtained, the following conditions with APS resins produced 
good board properties, which are above all requirements specified in the CSA standard: a 
50% PF level, a 200 °C press temperature, and an 8 minute press time at 5% resin content 
These results indicate that APS resin for the manufacture of wood composite panels has 
potential, but a longer press time might limit its industrial applications. The utilization of 
steam injection pressing and the construction of a layered-mat with different resins or resin 
contents may be used to reduce press time for practical uses of APS resin. Future work, 
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therefore, should include these aspects. Other areas of research should include the study of 
the resistance of the boards bonded with APS resins to decay and insect degradation. 
CONCLUSIONS 
Physical properties increased with increasing PF level in APS resins. Dry MOR, 
MOE, and IB were higher at 7% resin level than at 9% resin level due to the low-density core 
or delamination of boards prepared with 9% resin level. However, the properties increased 
steadily with increasing resin level at a higher press temperature and a longer press time. 
Regardless of press conditions, wet MOR and dimensional stability properties improved 
steadily with increasing resin level. Increasing press temperature increased significantly 
physical properties except dry MOR. Press time showed no significant effects on dry MOR, 
MOE, and LE, but IB, wet MOR, TS, and WA improved with a longer press cycle. Results 
of this study suggest that APS resin can be used to manufacture hybrid poplar flakeboards. 
Within all the variables tested in this study, the following conditions were concluded to meet 
the requirements of the CSA standards for exterior-grade flakeboard at a 200°C press 
temperature and an 8 minute press time: a 50% PF level and a 5% resin content (total 2.5% 
PF), which was a 50% reduction of PF level for commercial flakeboard panels (5% pure PF 
resin). 
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Table 1. Properties of three alkaline phenolic soy resins and a control PF resin used to bond 
flakeboard. 
Soy hydrolyzate (%) PF (%) PH Non-volatile solids (%) Viscosity (cps) 
70 30 9.6 45.93 1670 
60 40 10.2 46.72 1620 
50 50 10.9 47.11 1570 
Control 11.5 56.70 200 
acps: centipoise (mPa*s). 
The viscosities of each resin were measured after wax was mixed with alkaline phenolic soy 
resins. 
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Table 2. Average physical properties of hybrid poplar flakeboards. 
Soy/PF Resin Platen Press Density1 MOR (psi) MOEb mc 
(w/w) content (%) Temp Time (g/cm3) Dry" Wet1 ( kpsi) (psi) 
Control 5% PF 175 °C 7 min 0.71 6828 2509 789 167 
70/30 5 8 min 0.67 5061 98 718 51 
60/40 0.68 5289 248 700 89 
50/50 0.67 5604 610 741 90 
70/30 7 0.67 5248 127 757 59 
60/40 0.67 6333 288 772 76 
50/50 0.66 5858 443 757 77 
70/30 9 0.67 5785 126 733 61 
60/40 0.67 5694 494 738 89 
50/50 0.68 6149 1478 784 98 
70/30 5 200 °C 0.66 5550 283 767 52 
60/40 0.67 6678 1123 805 89 
50/50 0.67 6397 1812 786 98 
70/30 7 0.67 5575 448 797 93 
60/40 0.67 6167 1575 845 105 
50/50 0.67 6191 1891 775 114 
70/30 9 0.67 5067 542 748 53 
60/40 0.66 5246 1211 781 94 
50/50 0.67 6153 2191 902 99 
70/30 5 175 °C 10 min 0.66 4863 95 662 73 
60/40 0.66 5775 253 707 79 
50/50 0.67 5974 1102 760 105 
70/30 7 0.67 5894 587 798 93 
60/40 0.68 6325 699 793 108 
50/50 0.68 6021 1678 800 116 
70/30 9 0.66 5803 187 781 84 
60/40 0.67 5695 937 786 87 
50/50 0.67 6349 1912 792 104 
70/30 5 200 °C 0.65 5256 1229 725 105 
60/40 0.65 4961 1138 730 104 
50/50 0.66 5692 1817 802 124 
70/30 7 0.65 5575 939 848 99 
60/40 0.65 5730 1810 794 127 
50/50 0.65 5244 1712 765 135 
70/30 9 0.65 5526 1265 776 102 
60/40 0.65 5689 2110 802 118 
50/50 0.65 5715 2240 778 144 
CSAf 0.65 4200 900 800 50 
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Table 2. (Continued). 
Soy/PF Resin Platen Press TS (%) WA (%) LE(%)$ 
(w/w) content (%) temp Time 24h soak d 2h boil1 24h soakd 2h boil1 
Control 5% PF 175 °C 7 min 6.66 17.44 31.00 39.44 0.04 
70/30 5 8 min 52.08 149.51 88.14 163.53 0.59 
60/40 24.80 102.06 64.15 138.81 0.50 
50/50 26.31 80.41 70.13 122.24 0.34 
70/30 7 52.97 148.26 95.87 151.84 0.48 
60/40 32.81 110.65 75.56 131.24 036 
50/50 23.45 74.19 63.53 120.52 023 
70/30 9 23.87 119.45 62.36 140.44 0.44 
60/40 14.08 62.90 49.09 100.27 0.38 
50/50 10.84 35.91 42.44 72.85 0.31 
70/30 5 200 °C 26.91 95.00 70.20 140.86 0.39 
60/40 11.42 38.25 41.72 84.47 0.35 
50/50 8.95 25.98 36.17 65.20 0.25 
70/30 7 29.04 84.11 71.09 122.95 0.40 
60/40 12.88 35.16 46.13 76.50 0.26 
50/50 9.81 26.23 40.04 63.11 0.21 
70/30 9 17.48 69.25 51.95 101.82 0.41 
60/40 11.27 26.96 44.91 66.19 0.26 
50/50 8.50 23.30 37.09 60.52 0.17 
70/30 5 175 °C 10 min 52.35 156.74 102.24 163.43 0.54 
60/40 24.00 101.66 67.25 136.59 0.45 
50/50 - 17.01 61.55 56.28 98.52 0.41 
70/30 7 24.90 88.91 66.18 121.36 0.46 
60/40 12.73 64.28 48.55 104.92 0.43 
50/50 12.38 41.98 43.83 76.37 0.35 
70/30 9 19.23 98.95 52.87 123.58 0.41 
60/40 10.67 50.88 39 JO 87.18 0.43 
50/50 8.99 35.66 38.97 77.16 0.36 
70/30 5 200 °C 20.82 63.11 57.53 111.07 0.49 
60/40 15.03 45.88 47.84 100.54 0.28 
50/50 12.93 30.15 42.71 63.15 0.25 
70/30 7 13.75 51.20 45.71 91.65 0.39 
60/40 10.55 23.67 42.60 62.69 0.24 
50/50 10.25 23.29 41.99 55.14 0.24 
70/30 9 9.48 36.74 39.02 71.60 0.32 
60/40 6.96 18.85 32.33 48 JO 0.26 
50/50 6.82 16.13 31.82 47.29 025 
CSAe 15.00 035 
l U d  E a c h  v a l u e  r e p r e s e n t s  t h e  a v e r a g e  o f  6 , 1 2 ,  3 6 ,  a n d  2 4  s p e c i m e n s ,  r e s p e c t i v e l y .  
e CSA 0437: Canadian Standard Association minimum standard for exterior-grade 
flakeboard. 
Table 3. Summary of statistical analyses for the effects of PF level in APS resins, resin content, press temperature, and press time 
on physical properties of flakeboards bonded with alkaline phenolic soy (APS) resins. 
Dry MOR" Wet MORb MOE" 1BC WA-24d TS-24d WA-2b TS-2b LEb 
.............. { 
— (kpsi)— —- (psi) — ( & n\  \P»•/ {70 f 
PF level in APS resin 
30% 5434 B 492 C 759 B 77 C 29 C 97 C 67 C 125 C 0.44 C 
40% 5799 A 1014 B 771 AB 97 B 16 B 57 B 50 B 95 B 0.35 B 
50% 5946 A 1568 A 787 A 109 A 13 A 39 A 45 A 75 A 0.28 A 
Resin content 
5% 5592 B 832 C 742 B 88 C 25 C 79 C 62 C 1 I 6 C  0.40 C 
7% 5847 A 1016 B 792 A 100 A 21 B 64 B 57 B 98 B 0.34 B 
9% 5739 AB 1226 A 783 A 94 B 12 A 49 A 44 A 82 A 0.33 A 
Press temperature 
175 °C 5762 630 754 86 25 88 63 118 0.42 
200 °C 5690 1419 790 103 14 40 46 79 0.30 
(p=0.44)c (p=0.01) (p=0.01) (p=0.()l) (p=0.01) (p=0.0l) (p=0.0l) (p=0.0l) (p=0.01) 
Press time 
8 minutes 5780 843 772 83 22 72 59 106 0.35 
10 minutes 5672 1207 772 106 16 56 50 91 0.36 
(p=0.25)c (p=0.0l) (p=0.96) (p=0.01) (p=0.0l) (p=0.01) (p=0.01) (p=0.0l) (p=0.35) 
CSA 0437f 4200 900 800 50 15 0.35 
id 
e The p-value indicates the probability for the effects of press temperature and press time on each property. 
r Canadian Standard association minimum standard for exterior-grade flakeboard. 
Means within a column not followed by a common capital letter differ significantly at p = 0.05 (l^east Significance Difference 
test). 
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CHAPTER 4. CONCLUSIONS 
SUMMARY 
Exterior plywood is extensively produced with phenol-formaldehyde (PF) resins, and 
industrial oriented strand board (OSB) is produced mainly with aqueous PF resins. Much 
recent research attention has been focused on soy-based adhesives because of increased 
demand for adhesives, environmental concerns, and the uncertainty of continuing availability 
of petrochemical products (Kalapathy et al., 1995). The objective of this study was to 
investigate the adhesive properties of soy-based resins for the production of plywood and 
OSB meeting the requirements for exterior uses. The resins used had high percentages of soy 
flour or soy hydrolyzate in adhesive formulations to reduce the dependency of wood 
adhesives on petrochemicals and the cost of producing wood composite products. 
Two categories of soy resin were prepared for construction plywood and structural 
flakeboard. The first category of soy resin was formulated by crosslinking soy flour with PF 
resins under neutral pH. The neutral phenolic soy (NPS) resins are suitable for plywood 
adhesives because they are somewhat viscous to avoid an over-penetration of the resin during 
hot pressing. The adhesive properties of NPS resins were improved by increasing PF level in 
the resins. In particular, soy/160 cps PF resins provided very durable gluebonds. The resins 
also exhibited no significant difference or even higher wet wood failure (WWF) when 
compared with a control PF glue mix, regardless of 30% PF level in the resins. Results of 
this study lead to the conclusion that soy/160 cps PF resins may be used as an adhesive for 
the production of southern pine plywood, and may aid in the overall reduction of PF resin 
content. 
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Another category of soy resin was formulated by crosslinking soy flour hydrolyzates 
with PF resins in alkaline conditions. The alkaline phenolic soy (APS) resin is suited to 
produce OSB because they have a viscosity low enough to be sprayed with an atomizing 
nozzle. The physical properties of flakeboards bonded with the APS resins improved with 
increasing PF level in the resins, press temperature, and press time. Of all variables tested in 
this experiment, press temperature was the most influential one on flakeboard properties. 
Physical properties of most board pressed at 200 °C press temperature met the minimum 
requirements of CSA (SB A, 2001) for exterior applications. At this press temperature, the 
optimum adhesive levels were determined to be 50% PF level and 5% resin content (total 
2.5% PF), which was a 50% reduction of PF level for commercial flakeboard panels (5% 
pure PF resin). The minimum press time at the press temperature was found to be 8 minutes. 
These findings indicate that flakeboards, meeting CSA's minimum requirements for exterior 
application, can be manufactured from APS resins. However, studies of methods for 
reducing press time and investigating the resistance of the flakeboards to decay and insect 
degradation are needed. 
APS resins also were used as a component in glue mixes for the production of 
southern pine plywood. Results of shear strength tests showed that 50 cps PF resin produced 
better bond quality in wet condition than 160 or 350 cps PF resins. Increasing PF level in 
APS resins, extender content, and assembly time made significant improvements in bond 
quality. The following conditions were concluded to yield comparable bond quality with a 
commercial PF glue mix: a 50 cps PF resin, a 40 or 50% PF level in APS resins, a 14% wheat 
flour and 19% corn-cob powder, and a 60-minute assembly time. Most of the WWF values 
were still below the minimum requirement specified by Product Standard PS 1-95 (NIST, 
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1996). WWF values of plywood panels, made with glue mixes with just com-cob powder 
and at 40 or 50% PF level in APS resins and pressed at 200 °C press temperature, 
significantly improved. The WWF (79%) was superior to that of a commercial PF glue mix, 
and approached the 85% WWF requirement of PS 1-95 for construction and industrial 
plywood. 
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GENERAL DISCUSSION 
Soybean-based adhesives are based on soy proteins, extremely versatile molecules 
that can be modified and combined with other adhesive system components to produce 
desired performance properties. In these studies, two types of soybean-based phenolic resins 
(NPS and APS resins) were used as adhesives for structural panels. NPS resins were 
formulated by crosslinking soy flour with reactive PF resins under neutral pH. The NPS 
resins were used as adhesives just for plywood panels due to its high viscosity. To make the 
viscous NPS resins a sprayable resin, soy flour was hydrolyzed by strong alkali (NaOH) 
under heat (140 °C) and pressure (30 psig). Hydrolyzation of soy protein was employed to 
reduce the molecular size of protein molecules. The hydrolyzed proteins contribute to reduce 
the viscosity of the adhesive resin in an adhesive formulation. APS resins were formulated 
with the soy hydrolyzate and PF resins in alkaline conditions. The APS resin has a viscosity 
low enough to be sprayed with an atomizing nozzle, and thus it was used as a sprayable 
adhesive for hybrid poplar flakeboard. Also, the APS resin was used as a component in glue 
mixes for southern pine plywood panels. 
The use of NPS and APS resins for structural panels was fairly successful, but several 
factors limit their use in industrial applications. First, both soybean-based resins are less 
water-resistant than PF adhesive (Lambuth, 1977). Although the introduction of PF resins in 
soy flour or soy flour hydrolyzate dispersion improves the water resistance of the soy resins, 
a longer press time (8 minutes) is required to produce quality panels with good durability. 
This is another limitation of the soy resins. The long press time will restrict the use of soy 
77 
resin in industrial applications. Therefore, future work should include studies of reducing 
press time and improving the water resistance of soy resins at the same time. 
The studies for southern pine plywood should entail considering a wider range of 
press temperature and solid content, and evaluating the effects of assembly time and the type 
and content of extender added in glue mixes. In APS resins for southern pine plywood, it 
was found that bond quality, especially WWF, was best when the glue mixes were 
formulated with just com-cob powders, and the three-ply assemblies, applied the glue mixes, 
were pressed at 200 °C press temperature. From the study of hybrid poplar flakeboard, all 
physical properties, except dry MOR, also significantly improved when press temperature 
increased from 175 °C to 200 °C. Such results might be useful to further improve adhesive 
bond quality of plywood panels bonded with NPS and APS resins with reducing press time. 
In the application of APS resins for hybrid poplar flakeboards. the utilization of steam 
injection pressing and the construction of layered-mat with different adhesive resins or resin 
content may lead to the reduction of press time. In detail, steam-press curing is a method of 
hot-pressing wood composite panels by injecting steam directly into the board during the 
pressing process. The injected steam raises the internal mat temperature, which rapidly cures 
the resin binder in the composite panels (Hse et al., 1994). They also reported that the 
application of steam-injection pressing could reduce the press time for flakeboard bonded 
with PF and MUF (melamine urea-formaldehyde) resins. The use of steam-press injection 
press technology in the manufacture of APS resins-bonded structural panels might be useful 
to reduce press time in flakeboard manufacturing, but the economic potential of the process 
has to be investigated carefully before using it. 
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Another approach is to construct the mat with different resins or resin contents. The 
type and amount of applied resin and its distribution through the thickness of the formed mat 
has significantly effect on the final board properties. The construction of a three-layer mat, 
which is constructed by using soybean-based phenolic resins at face layers and conventional 
PF or MDI resins for a core layer, might combine to reduce total press time for the 
manufacture of flakeboard with improved strength properties. It is common to add more 
resin to the faces to assist with the speed of heat penetration to the board core, which shortens 
the press time (Maloney, 1992). The high resin level in the faces of mat and a low resin level 
in the core enhance the densification of the board faces, and thus MOR and MOE of the 
board will be greater than in a similarly pressed board with a uniform moisture content. 
However, the opposite effect takes place in the core, and thus the board will have a lower IB 
strength. The manipulation of resin contents throughout the mat, therefore, should be 
performed with care. Future study examining these special construction ways would 
certainly improve our understanding of APS resin for its industrial applications. 
In addition, results of southern pine plywood bonded with NPS and APS resins leave 
much room for studies with other species. In these studies, proper resin penetration into 
veneers is believed to improve bond quality in southern pine plywood. The penetration 
extent of each soy resin was affected by anatomical difference, such as earlywood and 
latewood, within southern pine veneer. This result is in agreement with that of Hse (1968) 
who reported that typical bonding occurs in earlywood when sufficient moisture is present in 
a glue mix, but insufficient moisture and a relatively large molecular size do not provide 
proper resin flow and penetration into the dense latewood. Results of previous microscopic 
observations of gluelines (not shown) indicated NPS resins penetrated properly into 
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earlywood, but penetrated poorly into latewood. On the other hand, APS resins over-
penetrated into earlywood. Consequently, WWF of plywood with interphase region between 
latewood surfaces or earlywood surfaces were very low. Such results suggest that the soy 
resins might be applied to medium-density hardwood species, such as sweetgum. 
cottonwood, aspen, and yellow poplar, in which the pores are fairly uniform in size and quite 
evenly distributed through the rings (Panshin and Zeeuw, 1980). Future work, therefore, 
should include the full potential of soybean-based phenolic resins as plywood adhesives on 
such species. 
The last limitation of soy-based resins is their sensitivity to microbial degradation. 
The problem may be solved by the presence of PF resin in NPS or APS resins, but a 
confirmatory study of the resistance of flakeboards to decay and insect degradation is needed. 
Although the results from these studies present a potential opportunity for the use of NPS and 
APS resins in manufacturing structural panels, other areas of research might include studies 
of other hydrolysis processes and crosslinking agents for industrial applications of the soy 
resins. 
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POTENTIAL FOR FUTURE RESEARCH 
It is generally agreed that soy protein can make significant contributions to wood 
adhesive applications. However, soy proteins do not possess all the desirable characteristics 
for the applications, and thus should go through physical, chemical, and/or enzymatic 
modifications to impart functional characteristics suitable for the applications. The key 
methods for the protein modifications are hydrolysis and crosslinking. 
Hydrolysis 
Hydrolysis is conducted to break the protein peptide bonds and to cleave some 
primary and secondary structures in proteins. The protein hydrolysis increases the amine and 
carboxylic groups, and decreases the chain length of protein. In wood adhesive formulations, 
soy proteins are hydrolyzed to reduce the viscosity. 
Alkali hydrolysis 
Soy hydrolyzate prepared in this study was a brown-color, aqueous solution made by 
reacting soy flour in a sodium hydroxide solution under high temperature (140 °C) and 
pressure (30 psig) for 90 minutes. Alkali hydrolysis makes non-specific hydrolyzates. 
Furthermore, the excessive hydrolysis of protein has ended the adhesive properties of protein 
itself, and especially its water resistance is heavily impaired (Kuehler and S tine, 1974; 
Lambuth, 1977). Hydrolyzation of protein, therefore, must be minimized the loss of its 
original functionality and a sprayable viscosity of the adhesive resins including the 
hydrolyzates. A milder hydrolysis condition than the condition used in this study may be a 
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way of minimizing the loss of protein functionality with a manageable viscosity. A study to 
identify the relationship between hydrolysis conditions and the adhesive properties of APS 
resins might be a useful concept to explore. 
Acid hydrolysis 
Acid hydrolysis is the most useful method for quantitatively converting a protein into 
constituent amino acids for the determination of the amino acid composition in a protein. 
Acid hydrolyzation of soy proteins has some disadvantages for food applications including 
decomposition of tryptophan and conversion of asparagine and glutamine to aspartic acid and 
glutamic acid. It is also unsuitable for preparing chemically modified proteins due to the 
reversion of the modified amino acids residue during hydrolysis (Milligan and Holt, 1977). 
However, the acid hydrolysis of soy proteins may be used as a process for wood adhesive 
applications. Acid hydrolysis is not a random process, and involves the parallel and 
consecutive cleavages of peptide bonds, resulting in a certain degree of specificity (Hill, 
1965). Therefore, the specific protein hydrolyzates might enhance the reaction of the 
hydrolyzate units with the other components in the adhesive formulations. 
Soy flour consists mainly of protein and carbohydrate, with small amount of 
cellulose, moisture, and ash. The carbohydrates become tacky in alkaline protein solution 
and contribute useful consistency properties to the soybean glues, but the water-resistance of 
the soybean glues is reduced by the presence of these carbohydrates (Lambuth, 1977). In 
addition, the presence of carbohydrates is believed to increase the viscosity of the alkaline 
soy dispersion. The carbohydrates in soy flour can be degraded in acidic conditions. The 
degraded carbohydrates can contribute to further reducing the viscosity of soy hydrolyzates, 
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as well as produce a water-resistant adhesive with phenol as a co-reactant. Mudde (1980) 
mentioned corn starch converted to 5-hydroxymethyl-2-furaldehyde (HMF) in acidic 
conditions, and the HMF was polymerized with phenol in a novolac resin. Turner et al. 
(1969) degraded pentose or hexose sugars by acids, and then reacted them with 
formaldehyde, furfuryl alcohol, polyvinyl alcohol, or amines to produce an adhesive suitable 
for pardcleboard production. Stofko (1980) proposed that a variety of carbohydrates reacted, 
under acidic conditions, with different modifiers to yield adhesives that produced water-
resistant bondlines. Such information as applied to soy hydrolyzates might be useful to 
improve water resistance and to reduce the viscosity of the adhesive resins. Exploratory 
study in the area would seem to be worthwhile. 
Enzvmatic hydrolysis 
The enzymatic hydrolysis, considered as an alternative to the current alkali 
hydrolysis, has been extensively investigated to optimize the functional properties of the 
enzyme-hydrolyzates for food applications (Kim et al., 1990). The enzymatic hydrolysis of 
soy proteins has recently been considered for wood adhesive applications because only a 
catalytic amount of enzyme is required, and thus safety concerns can be minimized 
(Hettiarachchy et al., 1995; Kalapathy et al., 1995). In addition, the use of enzymes for 
hydrolyzing proteins can significantly reduce the use of heat, pressure, and corrosive 
chemicals in alkaline hydrolysis process. 
Proteolytic enzymes have long been used to produce protein hydrolyzates for use in 
food products. Recent interest in producing controlled size peptides, having improved 
solubility and functional properties for food applications, has led to investigation of highly 
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specific proteolytic enzymes (Whitaker, 1989). The application of the proteolytic enzymes 
might also be useful in wood adhesive applications. Hettiarachchy et al. (1995) and 
Kalapathy et al. (1995) used trypsin to modify soy protein, and improved adhesive strength 
and water resistance were observed in glues prepared from the trypsin-modified soy protein. 
They attributed the improvements to exposure of more polar and hydrophobic groups in 
proteins. These findings indicate that the uses of other proteases, especially trypsin-family 
enzymes such as chymotrypsin and elastase, can be effective ways of exposing more polar 
and hydrophobic groups to improve adhesive strength and water resistance. 
Trypsin, chymotrypsin, and elastase are a group of closely related digestive enzymes 
whose role is to hydrolyze polypeptide chains. Each enzyme cleaves a protein chain at an 
internal peptide linkage next to a different type of amino acid side group: trypsin cuts a chain 
just past the carbonyl group of a basic amino acid, either lysine or arginine: chymotrypsin 
cuts a polypeptide chain next to an aromatic amino acid; elastase is less discriminating in its 
choice of cleavage point, but it tends to cut preferentially adjacent to small, uncharged side 
groups (Zubay, 1983). These enzymes have been intensively studied for food applications 
because they are small, approximately 250 amino acids, easily obtainable in quantity, and 
relatively stable (Puski, 1975). Of these enzymes, chymotrypsin has more potential for 
hydrolyzing proteins than other enzymes because it is less likely to digest itself. For 
instance, protein-digesting enzymes have a tendency toward self-destruction. Chymotrypsin 
is reasonably safe from this because the large aromatic groups are usually buried inside the 
molecules, whereas trypsin and elastase are more likely to be exposed on the protein surface 
(Zubay, 1983). 
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These enzymes can be used alone or in combination with other enzymes, and the 
resultant hydrolyzate can be reacted with other adhesive components in an adhesive 
formulation. The adhesives might be used to make composite board products. However, 
enzymatic hydrolysis should be conducted in proper pH and temperature environments 
depending on the enzyme used, and a long time is required to obtain a desirable viscosity, 
which is sprayable. Therefore, the enzymatic hydrolysis is likely to be employed with acid 
or alkali hydrolysis process before or after it is done. 
Crosslinking reactions in proteins 
Crosslinking reagents are usually Afunctional compounds, which are used to 
introduce both inter- and intra molecular bridges into proteins for their intended use (Feeney 
and Whitaker, 1988). The crosslinking reagents play an important part in the technology of 
soy protein adhesives. For example, sulfur compounds are crosslinking reagents of dispersed 
soy proteins, acting to increase their water resistance (Lambuth, 1977). Epoxide compounds, 
particularly aliphatic epoxy resins, are very active hardening agents for alkaline soy protein 
dispersions, but they yield glues, which are expensive and difficult to control (Lambuth, 
1977). 
Besides these compounds, formaldehyde and formaldehyde-condensed products have 
extensively been used as crosslinking reagents for protein adhesives (Lambuth, 1989). The 
aldehyde groups contain a single functional group, but they can react with the functional 
groups of cystein, tyrosine, histidine, tryptophan, and arginine, and therefore crosslink (Ji, 
1983). In my studies, the crosslinking of soy or soy hydrolyzate to produce water-resistant 
adhesives was carried out with PF resins. These products showed good adhesive strength 
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and water resistance, but they need a long curing time to obtain good bonding properties. 
The use of a steam-injection pressing or special construction methods of a layered-mat with 
different resins or resin contents might solve the problem. However, other approaches to 
develop new soy adhesives with other synthetic resins, such as melamine-urea formaldehyde 
(MUF), phenol-resorcinol formaldehyde (PRF), and methylene diphenyl diisocyanate (MDI), 
are needed for exterior wood adhesive applications. 
Melamine-formaldehvde resin 
Melamine-formaldehyde (MF) is a most attractive adhesive because of its resistance 
to moisture in the cured state and the use of shorter press times than necessary for PF resins 
(Dinwoodie, 1983). However, the MF is more expensive than PF resin when based on 100% 
resin solids. Since less expensive urea-formaldehyde (UF) resins are quite similar in many 
chemical properties to MF resins and are readily compatible with them in water dispersions, 
various blends of the two resins are commonly used in wood bonding. The MUF resins can 
be easily incorporated into soy or soy hydrolyzate, similar to soybean-based phenolic resin 
systems, and the incorporation can improve the durability and moisture resistance properties 
of the soy and MUF adhesive. MUF resins typically require temperatures between 115 °C 
and 125 °C to adequately cure, whereas PF resins require over 165 °C (Blomquist and Vick, 
1977). Examination of the adhesive strength of the soy/MUF adhesive system on various 
wood products would seem to be worthwhile. 
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Phenol-resorcinol formaldehyde resin 
Resorcinol formaldehyde (RF) resins are condensation products of resorcinol with 
formaldehyde, or with various PF resins. The majority of the resins currently manufactured 
are PRF resins due to their much lower cost. To prepare PRF resins, the phenol is combined 
with the formaldehyde before the resorcinol is introduced. If not, the resorcinol preempts 
most of the formaldehyde and forms a gel, because it is many times as reactive as phenol 
(Moult, 1977). 
To obtain soy and PRF copolymer resins, the phenol would be reacted with an excess 
of formaldehyde to form a low-condensed resole, and then resorcinol is added into the resole, 
forming a resinous copolymer. Subsequently, the PRF copolymer resin is combined with soy 
or soy hydrolyzate, varying molar ratios of the two constituents, to give a variety of adhesive 
formulations. Currently, soy PRF (SPRF) adhesive resin is used as an adhesive to make 
surface bonds for finger-jointed lumber (Steele et al., 1998). For wood composite products, 
the SPRF resin must have low enough viscosity to permit spraying with an atomizing nozzle. 
It is difficult to spray these resins due to their high reactivity. The problem may be solved by 
the addition of alcohol into the PRF resin. Generally, methanol or ethanol slows down the 
rate of reaction in RF resin. The retarding effect of the reaction is due to temporary 
formation of hemiformals between the alcohols and the formaldehyde (Pizzi, 1983). 
Experimentation with ways of retarding the reaction rate of soy/PRF resins may be an 
important step in the use of SPRF resins for wood composite products. 
Methylene diohenvl diisocvanate resin 
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MDI resins have been used in pardcleboard production with success in Germany. 
The adhesive system is used by spraying polymeric MDI resins onto wood furnishes, and 
then the hydroxyl groups of the cellulose of the wood are chemically connected with 
diisocyante groups by forming urethane bridges, resulting in extremely good bonds 
(Schollenberger, 1977). In addition, such bonds have good resistance against water and 
dilute acids, and thus the addition of wax can be eliminated within the adhesive formulation. 
Another advantage of this resin is that no water is contained in the system. High-moisture 
content wood furnishes can be used, thus costs of drying are reduced. Less of this resin is 
needed in a given board as compared with phenolic resin, and thus press time can be reduced 
(Marra, 1992). Disadvantages of this resin include high cost, and the resins adhere firmly to 
metal surfaces during pressing. Because of the high cost of MDI, much interest has recently 
been focused on the possibility of reacting it with other adhesive system to produce a 
urethane-type adhesive (Dinwoodie, 1983). 
MDI resins might be used in soy adhesive systems in two ways: powder and aqueous 
forms. Lo (1999) examined soy/MDI liquid resins for bonding plywood and soy/MDI 
powder resins for hardboard. He reported that the resins showed good performance as 
hardboard binder, but they were not suitable as a plywood binder due to the over-penetration 
of the resin into veneers. Soy/MDI powder resins are being evaluated as an alternative 
approach to supply the OSB market with improved safety and economics over existing PF 
and MDI products. The preparation of soy/MDI resins might be accomplished by blending 
MDI resins with soy hydrolyzates. When two components are mixed, isocynate groups may 
react with water in soy hydrolyzates, and thus the isocynates groups will be deactivated by 
reacting them with water (Riebel et al., 1997). Therefore, final crosslinking reactions 
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forming the urethane bridges are likely to be retarded, but with an external heat, the curing of 
the systems will occur rapidly. The fast-curing capability can reduce press time and increase 
production efficiency in the manufacturing of wood composite products. We still lack an 
understanding of the resin system. Continued study of this resin system would seem to be 
worthwhile. 
Peroxidase-catalvzed crosslinking of proteins 
Serious concern has recently been raised over the use of formaldehyde due to its 
various toxic effects in resin manufacture and use. Alternatives for reducing or even 
eliminating the use of formaldehyde are needed. An approach is to use enzymes, such as 
polyphenoloxidase (PPO) and peroxidase (POD), commonly known to cause cross-linkages 
in proteins. The concept of using PPO and POD for crosslinking proteins is based on the 
oxidation of amino acid functional groups, primarily tyrosine, leading to crosslinking 
(Feeney and Whitaker, 1988). In detail, PPO, in the presence of O2, can oxidize the 
hydrophenyl group of tyrosine, resulting in crosslinking of proteins (Matheis and Whitaker, 
1984a). Treatment of proteins with H2O2 and POD has been shown to form dityrosine and 
tertyrosine in proteins. Addition of low-molecular-weight phenolic compounds to the 
protein, H2O2 and POD system caused crosslinking of proteins (Matheis and Whitaker, 
1984b). 
In the studies referred to above, there is no available information regarding the use of 
these enzymes in protein-based wood adhesive systems. These enzymes, however, have the 
inherent ability to synthesize high molecular weight phenolic polymers that have the 
potential to act as general substitutes for conventional PF resins without the need for 
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formaldehyde (Ryu et al., 1989). They examined the horseradish peroxidase-catalyzed 
polymerization of p-cresol either in organic mediums (dioxane/water and methanol) or in 
aqueous medium and compared the reactivity and substrate specificity between the two 
mediums. It was concluded that the peroxidase was more active in high concentrations of 
dioxane and methanol than in aqueous medium. These findings suggest that peroxidase-
catalyzed low-molecular phenol and peroxidase-treated soy proteins might be slowly 
polymerized in aqueous medium in the absence of formaldehyde. Therefore, future study 
should include quantitative approaches for peroxidase-catalyzed phenol and soy protein 
polymerization to be based on optimal catalysis conditions and phenol choices. 
Genetic manipulation 
Urry's (1995) approach to improve the functional properties of soy protein for its 
industrial applications is using biotechnological methods, in which genes may be introduced 
into the soybean to produce proteins with desired properties. He suggested a genetic 
manipulation to make a more structurally simple protein, allowing easier chemical and 
process modification. The genetic modification may contribute to increase the proportions of 
reactive groups and hydrophobic amino acids, or reduce the carbohydrate portion in soy 
proteins, resulting in enhancement of the potential for using soy protein in wood adhesive 
applications. For example, soy protein is regarded as being excessively hydrophilic and 
thereby poorly resistant to water. Inducing hydrophobicity will be difficult because of the 
low proportion of neutral amino acids in soy protein. Genetic engineering and traditional 
breeding might be able to achieve the desired functionalities. 
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In conclusion, there are many opportunities to significantly increase the use of soy 
protein in other soy-based adhesive applications besides the recent introduction of a soy-
based adhesive in finger-jointed lumber. For these reasons, more studies are needed to 
identify properties of the soy-based adhesives that are required to meet the needs of a variety 
of wood products, and to develop adhesive formulations to meet the needs of the identified 
wood products, particularly in regard to the environmental issues. In addition, some 
fundamental studies on the curing behavior of these soybean-based phenolic resins are also 
needed. 
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APPENDIX A. ADDITIONAL TABLES FOR CHAPTER 2 
Table A-l. Summary of neutral phenolic soy resin glue mixes properties for southern pine 
plywood. 
Glue mixes pH Solid content Viscosity 
Soy PF Extendera 
(%) (%) (%) (cps)b 
Sov/50 cds PF 
70 30 No extender 7.1 37.36 4980 
7% WF+ 10% CCP 7.0 38.56 >5000 
14% WF + 19% CCP 6.9 40.48 >5000 
60 40 No extender 7.2 40.36 >5000 
7% WF+ 10% CCP 7.1 40.75 >5000 
14% WF + 19% CCP 7.4 43.10 >5000 
50 50 No extender 6.9 41.41 >5000 
7% WF + 10% CCP 7.1 42.23 >5000 
14% WF+ 19% CCP 7.2 41.95 >5000 
Sov/160 cds PF 
70 30 No extender 6.8 41.15 4720 
60 40 No extender 6.6 42.34 >5000 
50 50 No extender 6.7 39.90 >5000 
Sov/350 cds PF 
70 30 No extender 6.9 37.16 >5000 
Control 
0 100 14% WF + 19% CCP 9.4 44.07 >5000 
a WF: wheat flour; CCP: corn-cob powder. 
bcps: centipoise (mPA*s). 
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Table A-2. Analyses of variance for adhesive gluebond properties of southern pine plywood 
bonded with soy/50 cps PF resins without extender as a function of PF level in soy resins, 
assembly time, and the interaction of the variables. 
Dry wood failure fDWF) 
Sourcea df SS MS F P * 
PF 2 7462 3731 5.2 0.01 
Lin (1) (7442) (7442) 10.36 0.01 
Lof (1) (20) (20) 0.03 0.89 
ASSEM 1 170 170 0.24 0.63 
P*A 2 509 254 0.35 0.70 
Lin (1) (500) (500) 0.70 0.40 
Lof (1) (9) (9) 0.01 0.92 
Error 174 124950 718 
Total 179 133091 
Drv shear strength fDSS) 
Sourcea df SS MS F P 
PF 2 83654 41827 7.49 0.01 
Lin (1) 83003 83003 14.86 0.01 
Lof (1) 651 651 0.11 0.74 
ASSEM 1 7920 7920 1.42 0.24 
P*A 2 9107 4554 0.82 0.44 
Lin (1) 8467 8467 1.51 0.22 
Lof (1) 640 640 0.11 0.74 
Error 174 971840 5585 
Total 179 1072521 
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Table A-2. (continued). 
Wet wood failure ryyWF) 
Source a df SS MS F P 
PF 2 15381 7690 9.57 0.01 
Lin (1) (14741) (14741) 18.33 0.01 
Lof (1) (640) (640) 0.80 0.89 
ASSEM 1 2067 2067 2.57 0.11 
P*A 2 1767 883 1.1 0.34 
Lin (1) (120) (120) 0.15 0.70 
Lof (1) (1647) (1647) 2.05 0.15 
Error 174 139865 804 
Total 179 159080 
Wet shear strength (WSS) 
Sourcea df SS MS F P 
PF 2 112812 56406 22.57 0.01 
Lin (1) (109626) (109626) 43.86 0.01 
Lof (1) (3186) (3186) 1.27 0.26 
ASSEM 1 3441 3441 1.38 0.24 
P*A 2 15241 7620 3.05 0.05 
Lin (1) (13632) (13632) 5.45 0.02 
Lof (1) (1609) (1609) 0.64 0.42 
Error 174 434901 2499 
Total 179 566395 
aPF: PF level in soy/PF resins; ASSEM: assembly time; P*A: interaction effect; Lin: linear 
effect; Lof: lack of fit effect. 
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Table A-3. Analyses of variance for adhesive gluebond properties of plywood bonded with 
soy/50 cps PF resins as a function of extender contents of glue mix, assembly time, and the 
interaction of the variables. 
Dry wood failure (PWF) 
Source a df SS MS F P 
EXT 2 5890 2945 4.0 0.02 
Lin (1) (1781) (1781) 2.42 0.12 
Lof (1) (4109) (4109) 5.58 0.02 
ASSEM 1 845 845 1.15 0.29 
E*A 2 2893 1447 1.96 0.14 
Lin (1) (1253) (1253) 1.70 0.19 
Lof (1) (1640) (1640) 2.25 0.14 
Error 174 128142 736 
Total 179 137770 
SS MS F t P 
No EXT vs. with EXT 4623 4623 6.28 -2.51 0.01 
17% EXT vs. 33% EXT 1267 1267 1.72 1.31 0.19 
Drv shear strength (DSS) 
Sourcea df SS MS F P 
EXT 2 73063 36531 5.04 0.01 
Lin (1) (15757) (15757) 2.18 0.14 
Lof (1) (57306) (57306) 7.91 0.01 
ASSEM 1 27355 27355 3.78 0.05 
E*A 2 21856 10928 1.51 0.22 
Lin (1) (18042) (18042) 2.49 0.12 
Lof (1) (3814) (3814) 0.53 0.47 
Error 174 1260542 7244 
Total 179 1382816 
SS MS F t P 
No EXT vs. with EXT 51003 51003 7.04 -2.65 0.01 
17% EXT vs. 33% EXT 22059 22059 3.04 1.74 0.08 
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Table A-3. (continued). 
Wet wood failure fWWF) 
Sourcea df SS MS F P 
EXT 2 3128 1564 1.93 0.15 
Lin (1) (129) (129) 0.16 0.69 
Lof (1) (2999) (2999) 3.70 0.06 
ASSEM 1 7220 7220 8.91 0.01 
E*A 2 4353 2176 2.68 0.07 
Lin (1) (64) (64) 0.08 0.78 
Lof (1) (4289) (4289) 5.29 0.02 
Error 174 141055 811 
Total 179 155755 
SS MS F t P 
No EXT vs. with EXT 276 276 0.34 0.58 0.56 
17% EXT vs. 33% EXT 2852 2852 3.52 -1.88 0.06 
Wet shear strength (WSS) 
Sourcea df SS MS F P 
EXT 2 27652 13826 5.94 0.01 
Lin (1) (23751) (23751) 10.13 0.01 
Lof (1) (3901) (3901) 1.68 0.20 
ASSEM I 41739 41739 17.94 0.01 
E*A 2 534 267 0.11 0.89 
Lin (1) (244) (244) 1.05 0.31 
Lof (1) (290) (290) 0.12 0.73 
Error 174 404717 2326 
Total 179 474642 
SS MS F t P 
No EXT vs. with EXT 27248 27248 1.71 -1.42 0.11 
17% EXT vs. 33% EXT 403 403 0.17 -0.42 0.68 
aEXT: extender level in glue mixes; ASSEM: assembly time; E*A: interaction effect; Lin: 
linear effect; Lof: lack of fit effect 
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Table A-4. Analyses of variance for adhesive gluebond properties of southern pine plywood 
bonded with neutral phenolic soy resins without extender as a function of PF viscosity. 
Dry wood failure (DWF) 
Source 3 df SS MS F P 
VIS 
Error 
1 
358 
29340 
189200 
29340 
.528 
55.52 0.01 
Total 
160 cps vs. 50 cps 
359 
SS 
29340 
218540 
MS 
29340 
F 
55.52 
t 
-7.45 
P 
0.01 
Drv shear strength fDSS) 
Sourcea Df SS MS F P 
VIS 
Error 
1 
358 
181935 
2061236 
181935 
5758 
31.60 0.01 
Total 
160 cps vs. 50 cps 
359 
SS 
181935 
2243170 
MS 
181935 
F 
31.60 
t 
-5.62 
P 
0.01 
Wet wood failure fWWF) 
Source a df SS MS F P 
VIS 
Error 
1 
358 
49585 
199064 
49585 
556 
89.17 0.01 
Total 
160 cps vs. 50 cps 
359 
SS 
49585 
248650 
MS 
49585 
F 
89.17 
t 
-9.44 
P 
0.01 
Wet shear strength (WSS) 
Source1 Df SS MS F P 
VIS 
Error 
1 
358 
141174 
909699 
141174 
2541 
55.56 0.01 
Total 
160 cps vs. 50 cps 
359 
SS 
141174 
1050873 
MS 
141174 
F 
55.56 
t 
-7.45 
P 
0.01 
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Table A-5. Analyses of variance for adhesive gluebond properties of southern pine plywood 
bonded with soy/160 cps PF resins without extender as a function of PF level in soy resins, 
assembly time, and the interaction of the variables. 
Drv wood failure (DWF) 
Sourcea df SS MS F P 
PF 2 445 223 0.70 0.50 
Lin (1) (0.8) (0.8) 0.003 0.96 
Lof (1) (444.2) (444.2) 1.39 0.24 
ASSEM 1 87 87 0.27 0.60 
P*A 2 19 9 0.03 0.97 
Lin (1) (1) (I)  0.00 0.99 
Lof (1) (18) (18) 0.06 0.81 
Error 174 55558 319 
Total 179 56108 
Drv shear strength (DSS) 
Source3 df SS MS F P 
PF 2 59627 29813 5.73 0.01 
Lin (1) (2) (2) 0.0003 0.99 
Lof (1) (59625) (59625) 11.45 0.01 
ASSEM 1 15961 15961 3.07 0.08 
P*A 2 7162 3581 0.69 0.50 
Lin (1) (6) (6) 0.00 0.99 
Lof (1) (7156) (7156) 1.37 0.24 
Error 174 905965 5207 
Total 179 988714 
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Table A-5. (continued). 
Wet wood failure fWWF) 
Sourcea df SS MS F P 
PF 2 2327 1163 5.44 0.01 
Lin (1) (2210) (2210) 10.33 0.01 
Lof (1) (117) (117) 0.55 0.46 
ASSEM 1 87 87 0.41 0.52 
P*A 2 389 194 0.91 0.41 
Lin (1) (385) (385) 1.80 0.18 
Lof (1) (4) (4) 0.02 0.89 
Error 174 37183 214 
Total 179 39985 
Wet shear strength fWSS) 
Sourcea df SS MS F P 
PF 2 21139 10569 6.14 0.01 
Lin (1) (20988) (20988) 12.20 0.01 
Lof (1) (151) (151) 0.09 0.76 
ASSEM 1 18241 18241 10.60 0.01 
P*A 2 4617 2309 1.34 0.26 
Lin (1) (476) (476) 0.28 0.60 
Lof (1) (4141) (4141) 2.41 0.12 
Error 174 299307 1720 
Total 179 343304 
aPF: PF level in soy/PF resins; ASSEM: assembly time; P*A: interaction effect; Lin: linear 
effect; Lof: lack of fit effect. 
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Table A-6. Summary of alkaline phenolic soy resin glue mixes properties for southern pine 
plywood. 
Glue mixes PH Solid content Viscosity 
SH a PF Extender b 
(%) (%) (%) (cps)c 
SH/50 cds PF 
70 30 14% WF + 19% CCP 8.6 47.55 3990 
60 40 14% WF + 19% CCP 8.7 48.87 4350 
50 50 14% WF + 19% CCP 8.9 48.50 4250 
70 30 19% CCP 10.3 52.35 >5000 
60 40 19% CCP 10.2 52.37 >5000 
50 50 19% CCP 10.3 52.25 >5000 
Control 
0 100 14% WF + 19% CCP 9.4 44.07 >5000 
a SH: soy hydrolyzate. 
b WF: wheat flour; CCP: corn-cob powder. 
c cps: centipoise (mPA*s). 
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Table A-7. Analyses of variance for adhesive gluebond properties of southern pine plywood 
bonded with soy hydrolyzate/50 cps PF resins with 33% extender level as a function of PF 
level in soy resins, assembly time, and the interaction of the variables. 
Dry wood failure (DWF> 
Source a df SS MS F P 
PF 2 3492 1746 4.86 0.01 
Lin (1) (630) (630) 1.75 0.19 
Lof (1) (2862) (2862) 7.97 0.01 
ASSEM 1 40 40 0.11 0.74 
P*A 2 4272 2136 5.95 0.01 
Lin (1) (880) (880) 2.45 0.12 
Lof (1) (3392) (3392) 9.45 0.01 
Error 174 62501 359 
Total 179 70305 
Drv shear strength (DSS) 
Sourcea df SS MS F P 
PF 2 2472 1236 0.32 0.73 
Lin (1) (460) (460) 0.12 0.73 
Lof (1) (2012) (2012) 0.52 0.47 
ASSEM 1 19448 19448 4.99 0.06 
P*A 2 18303 9152 2.35 0.10 
Lin (1) (4477) (4477) 1.15 0.29 
Lof (1) (13826) (13826) 3.55 0.06 
Error 174 677950 3896 
Total 179 718173 
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Table A-7. (continued). 
Wet wood failure (WWF) 
Source a df SS MS F P 
PF 2 15676 7838 16.15 0.01 
Lin (1) (14410) (14410) 29.71 0.01 
Lof (1) (1266) (1266) 2.61 0.11 
ASSEM I 23461 23461 48.33 0.01 
P*A 2 498 249 0.51 0.60 
Lin (1) (422) (422) 0.23 0.63 
Lof (1) (76) (76) 0.16 0.69 
Error 174 84459 485 
Total 179 124094 
Wet shear strength (WSS) 
Sourcea df SS MS F P 
PF 2 44124 22062 21.06 0.01 
Lin (1) (43358) (43358) 41.41 0.01 
Lof (1) (766) (766) 0.73 0.39 
ASSEM 1 8708 8708 8.31 0.01 
P*A 2 565 282 0.27 0.76 
Lin (1) (238) (238) 0.23 0.63 
Lof (1) (327) (327) 0.31 0.58 
Error 174 182261 1047 
Total 179 235658 
aPF: PF level in soy hydrolyzate/PF resins; ASSEM: assembly time; P*A: interaction effect; 
Lin: linear effect; Lof: lack of fit effect. 
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Table A-8. Analyses of variance for adhesive gluebond properties of southern pine plywood 
bonded with soy hydrolyzate/50 cps PF resins with 19% corn-cob powder depending on PF 
levels in the resins. 
Drv wood failure (DWF) 
Source df SS MS F P 
Level 2 
Error 87 
2577 
11191 
1289 
128 
10.02 0.01 
Total 89 13768 
Drv shear strength (DSS) 
Source df SS MS F P 
Level 2 
Error 87 
39874 
110918 
19937 
1275 
15.64 0.01 
Total 89 150792 
Wet wood failure (WWF) 
Source df SS MS F P 
Level 2 
Error 87 
23691 
36521 
11845 
420 
28.22 0.01 
Total 89 60211 
Wet shear strength (WSS) 
Source df SS MS F P 
Level 2 
Error 87 
77893 
80430 
38946 
924 
42.13 0.01 
Total 89 158323 
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APPENDIX B. ADDITIONAL TABLES FOR CHAPTER 3 
Table B-l. Statistical analysis of dry MOR of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr> F 
Press temperature (T) 1 572252 572252 0.60 0.4399 
Press time (t) 1 1277378 1277378 1.33 0.2488 
Percent resin level (R) 2 4722319 2361160 2.47 0.0862 
PF level in resin (W) 2 20014382 10007191 10.45 < 0001 
T x t  1 9409028 9409028 9.83 0.0018 
T x R  2 9066583 4533291 4.73 0.0093 
T x W  2 165846 82923 0.09 0.9171 
t x R 2 3760366 1880183 1.96 0.1417 
tx W 2 2476492 1238246 1.29 0.2755 
R x W  4 10107850 2526963 2.64 0.0336 
T x t x R  2 6809234 3404617 3.56 0.0295 
T x t x W  2 3436896 1718448 1.79 0.1675 
T x R x  W  4 1423617 355904 0.37 0.8288 
tx Rx W 4 3220750 805188 0.84 0.4998 
T x t x R x  W  4 6281724 1570431 1.64 0.1633 
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Table B-2. Statistical analysis of MOE of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 139865274855 139865274855 17.47 <.0001 
Press time (t) 1 22128157 22128157 0.00 0.9581 
Percent resin level (R) 2 205360005192 102680002596 12.83 <.0001 
PF level in resin (W) 2 55325714522 27662857261 3.46 0.0325 
T x t  1 44136218133 44136218133 5.51 0.0194 
T x R  2 18688610514 9344305257 1.17 0.3122 
T x W  2 3714483725 1857241862 0.23 0.7930 
t x R  2 26402023777 1857241862 1.61 0.2005 
t x W  2 8008066362 4004033181 0.50 0.6068 
R x W  4 115242571218 28810642805 3.60 0.0067 
Tx tx R 2 57247l3346 2862356673 0.36 0.6996 
T x t x  W  2 23401747025 11700873512 1.46 0.2331 
T x R x  W  4 31602404719 7900601180 0.99 0.4144 
t x R x  W  4 114006546731 28501636683 3.56 0.0072 
T x t x R x  W  4 26606051379 6651512845 0.83 0.5060 
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Table B-3. Statistical analysis of IB of flakeboard bonded with alkaline phenolic soy resins 
as a function of press temperature, press time, percent resin level, PF level in resin, and their 
interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 104580 104580 194.50 < 0001 
Press time (t) 1 182187 182187 338.83 <.0001 
Percent resin level (R) 2 25152 12576 23.39 < 0001 
PF level in resin (W) 2 217859 108929 202.59 < 0001 
T x t  1 9344 9344 17.38 <.0001 
T x R  2 6537 3269 6.08 0.0024 
T x W  2 1913 957 1.78 0.1692 
tx R 2 3120 1560 2.90 0.0553 
t x W  2 19892 9946 18.50 <.0001 
Rx W 4 5332 1333 2.48 0.0424 
T x t x R  2 40243 20122 37.42 < 0001 
Tx t x W 2 364 182 0.34 0.7133 
T x R x W  4 4520 1130 2.10 0.0785 
t x R x W 4 14521 3630 6.75 < 0001 
T x t x R x  W  4 3846 962 1.79 0.1287 
no 
Table B-4. Statistical analysis of wet MOR of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 33614556 33614556 195.02 <.0001 
Press time (t) 1 7130780 7130780 41.37 <.0001 
Percent resin level (R) 2 5569201 2784601 16.16 < 0001 
PF level in resin (W) 2 41609360 20804680 120.70 < 0001 
T x t  1 51832 51832 0.30 0.5841 
T x R  2 156161 78080 0.45 0.6364 
T x W  2 2111786 1055893 6.13 0.0027 
tx R 2 617555 308778 1.79 0.1697 
t x W  2 235613 117807 0.67 0.5062 
Rx W 4 2495215 623804 3.62 0.0073 
Tx tx R 2 1463551 731776 4.25 0.0158 
T x t x  W  2 3683696 1841847 10.69 <.0001 
T x R x  W  4 1266678 316669 1.84 0.1236 
t x R x  W  4 1201343 300336 1.74 0.1426 
T x t x R x  W  4 547638 136909 0.79 0.5303 
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Table B-5. Statistical analysis of WA-24 of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 63139 63139 346.66 <.0001 
Press time (t) 1 16553 16553 90.88 < 0001 
Percent resin level (R) 2 53457 26729 146.75 <.0001 
PF level in resin (W) 2 78507 39254 215.52 < 0001 
T x t  1 1039 1039 5.71 0.0171 
T x R  2 11511 5755 31.60 < 0001 
T x W  2 3052 1526 8.38 0.0003 
t x R  2 10769 5385 29.56 < 0001 
tx W 2 2744 1372 7.53 0.0006 
R x W  4 7271 1818 9.98 < 0001 
T x t x R  2 4158 2079 11.42 < 0001 
T x t x  W  2 4324 2162 11.87 < 0001 
T x R x  W  4 299 75 0.41 0.8014 
t x R x  W  4 3714 929 5.10 0.0005 
T  x t x R x  W  4 3375 844 4.63 0.0011 
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Table B-6. Statistical analysis of TS-24 of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 27466 27466 310.16 <.0001 
Press time (t) 1 8419 8419 95.07 <.0001 
Percent resin level (R) 2 22009 11005 124.27 <.0001 
PF level in resin (W) 2 42463 21232 239.76 <.0001 
T x t  1 1761 1761 19.88 <.0001 
T x R  2 5713 2856 32.26 <.0001 
T x W  2 5458 2729 30.82 <.0001 
t x R  2 4867 2433 27.48 <.0001 
t x W  2 2578 1289 14.56 <.0001 
R x W  4 5726 1431 16.16 <.0001 
T x t x R  2 2193 1096 12.38 < 0001 
T x t x  W  2 465 232 2.62 0.0731 
T x R x W  4 1378 345 3.89 0.0039 
t x R x  W  4 1773 443 5.00 0.0005 
T x t x R x  W  4 689 172 1.94 0.1011 
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Table B-7. Statistical analysis of WA-2 of flakeboard bonded with alkaline phenolic soy 
resins as a function of press temperature, press time, percent resin level, PF level in resin, and 
their interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 85203 85203 315.83 <.0001 
Press time (t) 1 11467 11467 42.51 <.0001 
Percent resin level (R) 2 42458 21229 78.69 < 0001 
PF level in resin (W) 2 91248 45624 169.12 < 0001 
T x t  1 317 317 1.17 0.2800 
T x R  2 258 129 0.48 0.6206 
T x W  2 375 187 0.69 0.5007 
t x R  2 3552 1776 6.58 0.0017 
t x W  2 2019 1010 3.74 0.0256 
R x W  4 1691 423 1.57 0.1850 
T x t x R  2 1053 526 1.95 0.1452 
T x t x  W  2 2838 1419 5.26 0.0060 
T x R x W  4 1640 410 1.52 0.1981 
t x R x  W  4 2662 665 2.47 0.0466 
T x t x R x  W  4 938 235 0.87 0.4835 
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Table B-8. Statistical analysis of TS-2 of flakeboard bonded with alkaline phenolic soy resins 
as a function of press temperature, press time, percent resin level, PF level in resin, and their 
interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 1 122838 122838 330.23 < 0001 
Press time (t) 1 14034 14034 37.73 <.0001 
Percent resin level (R) 2 33327 16663 44.80 < 0001 
PF level in resin (W) 2 126799 63400 170.44 < 0001 
T x t  1 945 945 2.54 0.1127 
T x R  2 4318 2159 5.80 0.0036 
T x W  2 7245 3622 9.74 < 0001 
tx R 2 6519 3260 8.76 0.0002 
tx W 2 4177 2088 5.61 0.0043 
R x W  4 1614 403 1.08 0.3657 
T x t x R  2 3030 1515 4.07 0.0186 
T x t x  W  2 1886 943 2.53 0.0821 
T x R x W  4 1316 329 0.88 0.4745 
tx R x W 4 1406 351 0.94 0.4394 
T x t x R x  W  4 1539 385 1.03 0.3909 
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Table B-9. Statistical analysis of LE of flakeboard bonded with alkaline phenolic soy resins 
as a function of press temperature, press time, percent resin level, PF level in resin, and their 
interactions. 
Source df SS MS F value Pr > F 
Press temperature (T) 
Press time (t) 
Percent resin level (R) 
PF level in resin (W) 
1 
1 
2 
? 
0.70 
0.01 
0.22 
0.95 
0.70 
0.01 
0.11 
0.47 
60.78 
0.88 
9.43 
41.08 
<.0001 
0.3502 
<.0001 
< 0001 
T x t  
T x R  
T x W  
t x R  
t x W  
R x W  
1 
2 
2 
2 
2 
4 
0.01 
0.02 
0.04 
0.02 
0.06 
0.03 
0.01 
0.01 
0.02 
0.01 
0.03 
0.01 
0.42 
0.82 
1.88 
0.35 
2.67 
0.57 
0.5194 
0.4427 
0.1549 
0.7059 
0.0719 
0.6844 
T x t x R  
T x t x  W  
T x R x  W  
t x R x  W  
2 
2 
4 
4 
0.02 
0.02 
0.01 
0.04 
0.01 
0.01 
0.01 
0.01 
0.66 
0.78 
0.30 
0.95 
0.5194 
0.4592 
0.8795 
0.4381 
T  x t x R x W  0.04 0.01 0.82 0.5155 
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